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The occurrence of persistent organic pollutants (POPs) in the environment can 
have toxicological implications on ecosystem and human health. This is 
particularly true for higher trophic wildlife such as piscivorous birds and 
mammals due to trophic transfer and biomagnification. While POPs like 
polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane (DDT) 
have been restricted from use for several decades, these chemicals continue to 
present threats to environmental health. Several new emerging contaminants of 
concern have been identified as potentially hazardous environmental 
contaminants, including halogenated flame retardants (HFRs), current-use 
pesticides (CUPs), synthetic musks and pharmaceuticals and personal care 
products (PPCPs). 
 
 This thesis provides a comprehensive investigation of legacy POPs and several 
emerging contaminants of concern in Singapore’s coastal marine environment. 
Target compounds included PCBs, organochlorine pesticides (OCPs), brominated 
and chlorinated flame retardants (BFRs, CFRs), nitro-aromatic musks and 
polycyclic musks, and the antibacterial agent triclosan (TCS) and its degradation 
product, methyl triclosan (MTCS). 
 
 The study involved (i) development and validation of multi-residue analytical 
methods for analyzing trace residues of the target contaminants in seawater, as 
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well as marine sediments and biota using gas chromatography with triple 
quadrupole mass spectrometry (GC-MS/MS) and liquid chromatography with 
triple quadrupole mass spectrometry (LC-MS/MS), (ii) analysis of stable nitrogen 
and carbon isotopes (15N, 13C) in marine sediments and biota to assess carbon 
sources and characterize food web structures and (iii) field studies to determine 
contaminant concentrations, distribution and bioaccumulation behavior.  
 
The developed analytical methods proved to be robust and sensitive and allows 
for trace quantification of approximately 90 compounds at parts per quadrillion 
(ppq) levels in seawater and parts per trillion (ppt) levels in biota and sediments. 
Method detection limits (MDLs) were very low, ranging from 0.2 to 51.1 pg L
-1
 
and 0.2 to 43.9 pg L
-1
 for dissolved and particulate phases of seawater, 
respectively, and 0.1 to 22.8 pg g
-1
 wet weight and 0.1 to 57.1 pg g
-1
 dry weight 
for biota and sediment, respectively. 
 
 Stable nitrogen and carbon isotope data (δ15N and δ13C) indicated trophic levels 
of the various mangrove and coastal marine organisms ranged between 2 and 4. 
There are four TLs in mangrove food webs, in which invertebrates and fish 
occupied the TLs of 2-3. Collected fish in marine bottom environment occupied 
TLs of 3.1-3.7.  
 
In Singapore’s marine environment, legacy POP residues were still detectable in 
seawater, sediment and biota samples, despite regulatory control/discontinuation 
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of these chemicals. ∑DDTs, endosulfan sulfate, chlorobenzenes, chlordanes, and 
PCBs 28, 138, 153, 180 were the most frequently detected POPs. Polybrominated 
diphenyl ethers (PBDEs, 47, 99 and 100, etc.) were detected less frequently. 
Several emerging contaminants (musks, galaxolide, tonalide; antimicrobial 
triclosan and its metabolite methyl triclosan) were detected frequently at relatively 
high concentrations. The chlorinated flame retardant, dechlorane plus (syn-DP 
and anti-DP isomers) were ubiquitous, but at much lower concentrations. The 
flame retardant chemicals tetrabromobisphenol A (TBBPA) and 
hexabromocyclododecane (HBCDs) were ubiquitous in sediment samples, but 
only α-HBCD was detectable in biota samples. 
 
The bioaccumulation behavior of legacy POPs and emerging contaminants in 
three food webs (one off-shore coastal marine food web and two mangrove food 
webs) were investigated. Correlations between log BAFlipid wt (bioaccumulation 
factor) and log KOW (octanol-water partition coefficient) for organic contaminants 
in fish, log BAFlipid wt and log KOA (octanol-air partition coefficient) for organic 
contaminants in air breathing organisms, as well as log BSAF (biota-sediment 
accumulation factor) and log KOW for organic contaminants in sediment-dwelling 
organisms were observed. Compounds with high KOW values (i.e. DPs) showed 
limited bioaccumulation potential. Compounds with low KOW but high KOA values 
(i.e. β-HCH, galaxolide, tonalide, musk ketone and MTCS), which didn’t 




Legacy POPs (PCBs and OCPs) exhibited substantial biomagnification potential 
in the three marine food webs, with trophic magnification factors (TMFs) 
significantly > 1. Emerging contaminants (i.e. galaxolide, tonalide, triclosan, 
methyl triclosan, and DPs) showed trophic dilution behavior in the three marine 
food webs. BDEs 47, 99 & 100 showed trophic magnification behavior in two 
mangrove food webs, but only BDE 47 biomagnified in off-shore coastal marine 
food web. α-HBCD exhibited biomagnification potential in two mangrove food 
webs, but may not biomagnify in off-shore coastal marine food web. The study 
provides important information regarding the detection, distribution and 
bioaccumulation potential of several classes of emerging contaminants which will 
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The Stockholm Convention on Persistent Organic Pollutants (POPs), which the 
Republic of Singapore and 130 other nations endorsed in 2004, aims to reduce or 
eliminate the production of persistent, bioaccumulative and toxic (PBT) 
chemicals. Polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane 
(DDT), which can cause reproductive failures and cognitive dysfunction in 
wildlife and humans, are well established PBT chemicals [1-3]. Brominated flame 
retardants (BFRs), which have likewise emerged as potentially hazardous PBT 
chemicals and are being considered for inclusion under the Stockholm 
Convention [4-6]. Governments and industry representatives worldwide have 
made significant financial investments, implementing screening initiatives and 
risk assessments to identify PBT substances. For example, the recently enacted 
Registration, Evaluation, Authorization and Restriction of Chemical substances 
(REACH), is a European initiative aimed to provide early identification of 
potentially hazardous commercial chemicals. The existed initiatives that aim to 
screen possible PBT chemicals from commercial ones have been mainly based on 
commercial usage patterns and quantitative structure activity relationships 
(QSARs) [4, 7, 8]. While these initiatives are extremely useful for highlighting 
potential PBT substances, there still remains a need for supporting empirical data. 
In particular, field data regarding the environmental occurrence, distribution and 
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bioaccumulation potential of many emerging contaminants of concern is still 
lacking.  
The Republic of Singapore is a typical island country in Southeast Asia, one 
degree north of the equator. With high population density (over 7000 people per 
km2), there is a high chance that human activities contribute to the contamination 
of surrounding marine environment with organic pollutants, especially with 
emerging contaminants that have been using in large volume in our daily life, 
such as synthetic musks, which are essential components in perfume and shampoo 
products. There are off-shore coastal environment and mangrove wetlands (i.e. 
Sungei Buloh Wetland Reserve and Sungei Mandai Wetland) in Singapore, 
representing two typical marine environments. Field studies in these sites can 
provide comprehensive evaluation of the occurrence and bioaccumulation 
behavior of legacy POPs and emerging contaminants in tropical marine 
environment.   
 
1.2 Legacy POPs and emerging contaminants 
 
In this thesis, the investigated legacy POPs and emerging contaminants can be 
categorized as hydrophobic organic contaminants (HOCs). The term hydrophobic 
comes from the Greek roots ―Hydro‖ (water) and ―Phobia‖ (fear). HOCs refer to 
the compounds that may not mix well with water, but have a relative high 
solubility in organic solvents. Chemical belongs to HOCs usually has high 
octanol-water partition coefficient (KOW), which is the ratio of the chemical 
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concentration in 1-octanol (CO) and in water (CW) in an octanol-water system that 
has reached equilibrium (KOW = CO / CW). 
 
The main classes of legacy POPs and emerging contaminants in this thesis include 
PCBs, organochlorine pesticides (OCPs), BFRs, chlorinated flame retardants 
(CFRs), and personal care products (i.e. synthetic musks, triclosan and its 
biotransformation product methyl triclosan). Molecular structures of some 
selected POPs and emerging contaminants are shown in Figure 1.1.  The general 
introduction to these legacy POPs and emerging contaminants is included below 





                      




                      
                         DDT                                                                          DDE 
 
 
              
                    PBDEs, 209 congeners                                                   HBCD 
 
Figure 1.1.  Molecular structures of selected POPs and emerging contaminants 
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                 Dechlorane plus (DP)                                Tetrabromobisphenol A (TBBPA) 
 
 
                                  
                     Galaxolide                                                                Musk ketone 
 
 
                 
                         Triclosan                                                          Methyl triclosan 
 
Figure 1.1.- Continued 
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1.2.1 Polychlorinated biphenyls (PCBs) 
 
Theoretically, PCBs have 209 congeners with 1 to 10 chlorine atoms attached to 
biphenyl. Because of their inflammability, chemical stability, and insulating 
properties, commercial PCB mixtures had been used in many industrial 
applications, especially in capacitors, transformers, and other electrical equipment 
[9].  
 
Generally, PCBs (i.e. Aroclor 1254) are endocrine disruption chemicals (EDCs), 
and have dioxin-like and non-dioxin-like effects due to non-ortho- and ortho-
substituted structures [10, 11]. PCBs production was banned by the United States 
Congress in 1979 and by the Stockholm Convention on Persistent Organic 
Pollutants in 2001. However, large-scale release to the environment over several 
decades and their persistence has made them a ubiquitous contaminant [9]. PCBs 
have been detected widely in atmosphere [12], indoor air [13], seawater [14, 15], 
and biota samples, such as fish [16], killer whales [17] and human milk [18]. Due 
to their long-range transportation abilities, PCBs have also been found in arctic 
marine ecosystems, such as ringed seal and polar bear populations in the 
Canadian arctic [19]. Various studies also showed that PCBs could bioaccumulate 






1.2.2 Organochlorine pesticides (OCPs) 
 
OCPs were extensively used in agriculture from the 1950s to the 1970s, for 
example, hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB) and DDT 
were widely used in China as inexpensive broad-spectrum pesticides until the 
early 1980s [22]. Although some OCPs have been banned for many years, such as 
DDT, which was banned in the US in 1972, and then was banned for agricultural 
use worldwide under the Stockholm Convention in 2004, other OCPs, such as 
lindane and endosulfan, are still in use [23]. Due to the persistence of OCPs in the 
environment, long-range transportation through atmosphere was observed 
worldwide [23-25]. OCPs (i.e. DDT, DDE & HCH) are well-known EDCs, which 
can cause reproduction and development problems in fish and wildlife [26]. OCPs 
are widely distributed in atmosphere [27, 28], sediments [29, 30], and biota, such 
as salmon, trout, tilapia, shrimp [31], captive giant and red panda [32] and polar 
bear [33] and even in human milk [22]. Since OCPs were mainly used in 
agriculture, studies also showed that plants have the ability to bioaccumulate 
OCPs, for example, Gonzalez, et al. (2003) reported that leek plant bioaccumulate 
OCPs efficiently in their aerial and root tissues [34] and tomato plants are able to 
accumulate OCPs from soils, too [34].  
 
1.2.3 Brominated flame retardants (BFRs) 
 
Brominated flame retardants (BFRs) are applied to delay or prevent fires 
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worldwide. BFRs can be used as additive or reactive components in a variety of 
polymers, and then these polymers are used in lots of consumer products, 
including computers, electronics and electrical equipment, televisions, textiles, 
foam furniture, insulating foams, and other building materials [35-37]. Fire 
incidence has dropped over the past decades due to the wide usage of BFRs in 
consumer products [35]. Just few years ago, tetrabromobisphenol A (TBBPA), 
hexabromocyclododecane (HBCD), and three commercial mixtures of PBDEs, 
which are known as decabromodiphenyl ether (DecaBDE), octabromodiphenyl 
ether (OctaBDE), and pentabromodiphenyl ether (PentaBDE), are the five major 
BFRs in the market [35]. Toxicity studies showed that BFRs are also EDCs, and 
pentaBDEs seem to cause adverse effects at the comparably lowest dose [38, 39]. 
Due to the estimated toxicities, PentaBDE and OctaBDE were banned in 
European Union in 2003. US and China also banned the use of PentaBDE and 
OctaBDE in 2005 and 2006, respectively. Recently, components of the Penta– and 
OctaBDE mixtures were included in the Stockholm Convention on Persistent 
Organic Pollutants (POPs) in 2009 [40]. DecaBDE is currently under review and 
is likely to be added to Annex A of the Stockholm Convention on POPs in 2015. 
Although DecaBDE are still in use, the applications are limited. BFRs have been 
found in indoor air and dust, atmosphere, sewage sludge, water, sediment, plants, 
and biota, including birds, fish, red foxes, dolphins, and whales, and 
bioaccumulation of BFRs by several food webs were also investigated, all the 
detailed information could be found in the following reviews: Law, et al. (2006 & 
2008) [41, 42] and Tanabe, et al. (2008) [43]. 
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1.2.4 Chlorinated flame retardants (CFRs) 
 
Dechlorane plus (DP), one of the chlorinated flame retardants, has been identified 
by the European Commission as a possible replacement for the now restricted 
brominated flame retardant [44]. Although has been used over 40 years, DP was 
only first reported in ambient air, fish and sediment samples from the Great Lakes 
region in 2006 [45]. Until now, DP has been found in various environmental 
compartments worldwide, such as air [40, 46], water [40], suspended sediment 
[47], sediment [47, 48], and biota, including oysters [49], fish [50] and birds [51]. 
For more detailed information, please refer to the latest review by Sverko, et al. 
(2011) [44]. Moreover, large-scale distribution of DP in air and seawater from the 
Arctic to Antarctica was also observed [52]. Bioaccumulation of DP in marine 
environment and lake was investigated, respectively [49]. Although DP has been 
detected in the environment, toxicity data is still lacking, and existed data showed 
that DP is less toxic than most of the BFRs [53, 54]. 
 
1.2.5 Synthetic musks 
 
Synthetic musks can be divided into three major classes: nitro musks, polycyclic 
musks, and macrocyclic musks [55]. Due to toxicity and availability of nitro 
musks, their usage are limited nowadays; on the other hand, polycyclic musks 
constitute the most important class, while macrocyclic is emerging as newer 
musks and seems to gradually replace polycyclic musks [55, 56]. Synthetic musks 
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are used as fragrance ingredients in many perfumes, cosmetics, detergents, fabric 
softeners, soaps, shampoos, bath and shower products, air fresheners and other 
personal care products. Since synthetic musks are used widely in our daily life, 
wastewater treatment plants (WWTPs) play an important role in removing them. 
However, studies showed that WWTPs could not remove all the synthetic musks, 
and effluent usually becomes main source of pollution in receiving water [57]. For 
example, a survey in Spain showed that only 70%-90% of synthetic musks 
(galaxolide and tonalide) are removed [58], and another survey on US and 
European WWTPs effluents showed that concentrations of synthetic musks were 
as high as 8 μg/L [59]. Moreover, a survey in UK indicated that sewage sludge 
also has high synthetic musks concentrations [60]. These results indicated that the 
major source of synthetic musks to the environment is WWTP effluent. Not only 
in effluent and sewage sludge, synthetic musks have been found in atmosphere 
[61], indoor air [62, 63], seawater [64], sediment [65, 66], biota, such as fishes, 
mussels and shrimps [65, 67, 68] , and human milk [61, 69, 70]. Bioaccumulation 
of synthetic musks in a marine food chain was also investigated (lugworm, clam, 
crustacean, fish, marine mammal and birds), which showed that synthetic musk 
(HHCB/galaxolide) could bioaccumulate, but concentrations were relative lower 
in species at higher trophic level (mallard and black-headed gull), due to the 
metabolism and elimination of HHCB [68]. However, the bioaccumulation studies 





1.2.6 Triclosan and methyl triclosan 
 
Triclosan is an important bactericide used in personal care and consumer 
products, such as shampoo, tooth paste and footwear, while methyl triclosan is the 
predominant metabolite of triclosan [71]. Recent studies showed that both 
triclosan and methyl triclosan can affect thyroid hormone action and are EDCs 
[72]. WWTPs could not remove all the triclosan, and formation of methyl 
triclosan was also observed in WWTPs [73, 74]. The study showed that WWTP 
effluent seems to be the main source of triclosan to the environment. Triclosan 
and methyl triclosan has been found in water, sediment and fish [71, 75-78]. The 
bioaccumulation of triclosan and methyl triclosan by algae was investigated in a 
WWTP receiving stream [79], showing their low bioaccumulative potential. 
However, the bioaccumulation studies of synthetic musks are still rare. 
 
1.3 Analytical methods for legacy POPs and emerging contaminants 
 
To investigate the occurrence and bioaccumulation behavior of legacy POPs and 
emerging contaminants in environment, robust analytical methods capable of 
identifying and quantifying organic contaminants from environmental samples 
(water, sediment and biota) are needed. 
 
Many extraction methods have been applied to extract organic pollutants from 
water samples. Liquid-liquid extraction (LLE), solid phase extraction (SPE) and 
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stir bar sorptive extraction (SBSE) are commonly used extraction methods for 
various legacy POPs and emerging contaminants [80-86]. Among these methods, 
SPE, which has been widely used since 1990s, is still the most popular extraction 
method so far. SPE is simple, fast, and can be combined with different types of 
sorbents for specific analytes [87, 88]. Amberlite XAD-2 resin and C18 are the 
two adsorbents that used most in SPE. Amberlite XAD-2 resin is usually used 
when there is a need to extract large volume of seawater (10-100 L), but large 
volume of elution solvent is also required (100-300 ml). In comparison, 
application of SPE with C18 disk only requires a few litres of sample and mL 
volumes of elution solvent [86]. It is possible that SPE with C18 disk can extract 
the aforementioned legacy POPs and emerging contaminants simultaneously from 
seawater. However, the multi-residue analytical method needs to be developed 
and validated.  
 
To extract organic pollutants from solid samples, such as sediment and biota, 
ultrasound-assisted extraction (UAE), accelerated solvent extraction (ASE), 
soxhlet extraction and microwave-assisted extraction (MAE) have been widely 
applied [68, 89-96]. In comparison with other extraction methods, UAE has 
comparable extraction efficiency, but it is easier to apply and doesn’t need any 
expensive instruments, except for a standard lab ultrasonic bath. Sediment and 
biota samples have high degree of matrix interferences, such as natural organic 
matter and lipids, which need to be removed prior to instrument analysis. 
Previously, florisil chromatography, silica chromatography and gel permeation 
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chromatography (GPC) have been extensively used to clean up the interferences 
from sediment and biota extracts [90, 97-99]. It is possible that UAE can be 
applied to extract the aforementioned legacy POPs and emerging contaminants 
simultaneously from sediment and biota samples, while GPC, florisil 
chromatography and silica chromatography can be used as cleanup technologies. 
However, the multi-residue analytical method needs to be developed and 
validated.    
 
Legacy POPs and emerging contaminants are generally semi volatile and thus are 
mainly analyzed by gas chromatography mass spectrometry (GC-MS). Recently, 
gas chromatography-triple quadrupole mass spectrometry (GC-MS/MS) has been 
gaining more attentions for identifying and quantifying organic pollutants [85, 
100-105]. In comparison with single quadrupole MS, the tandem MS has higher 
selectivity and sensitivity, which in turn lead to increased signal to noise (S/N) 
ratio and ultimately lower detection limits [101, 106, 107]. All these advantages 
make GC-MS/MS a much better choice for trace level analysis of organic 
pollutants in complex samples. However, the applications of GC-MS/MS for trace 
level analysis of aforementioned legacy POPs and emerging contaminants are still 
limited. There is still a need to develop and validate the multi-residue analytical 
methods based on GC-MS/MS. Amongst the emerging contaminants in this thesis, 
triclosan, TBBPA and HBCD isomers  (α-, β-, γ-) are mainly analyzed by liquid 
chromatography-triple quadrupole mass spectrometry (LC-MS/MS) [108-112]. 
However, the application of LC-MS/MS still needs to be evaluated when different 
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cleanup technologies are applied, since the matrix effect, which is always a 
concern for LC-MS/MS analysis, is tightly associated with cleanup technologies. 
 
1.4 Evaluation of occurrence and bioaccumulation behavior of legacy POPs 
and emerging contaminants 
 
There were studies on the occurrence of PCBs, organochlorine pesticides (OCPs) 
and polybrominated biphenyl ethers (PBDEs) in Singapore marine environment, 
which were limited to seawater, marine sediment and atmosphere [113, 114]. 
Bayen et al. (2005) also investigated the occurrence of these contaminants in 
Singapore mangrove ecosystems, including sediment, invertebrate and fish [115]. 
However, the study still mainly focused on the occurrence of legacy POPs, the 
bioaccumulation behavior was not investigated. So far, there is no field study 
related to the occurrence of emerging contaminants, such as synthetic musks, 
triclosan, methyl triclosan, dechlorane plus (DP), hexabromocyclododecanes 
(HBCDs) and tetrabromobisphenol A (TBBPA), has been conducted in Singapore 
or Southeast Asia. Considering the occurrence of these emerging contaminants in 
other areas in the world and the high population density in Singapore, it is highly 
possible that these emerging contaminants are in Singapore’s marine environment. 
The comprehensive field study is needed.  
 
Bioaccumulation refers to the process that causes higher chemical concentration 
in an organism than its respiratory medium (water for aquatic organism or air for 
air-breathing organism), the diet, or both [116, 117]. Bioconcentration factor 
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(BCF), bioaccumulation factor (BAF) and octanol-water partition coefficient 
(KOW) have been adopted by Stockholm Convention (UNEP 2001) and other 
government agencies, such as US Environment Protection Agency and 
Environment Canada, for screening possible bioaccumulative chemicals, i.e. BCF 
or BAF > 5000 L/kg ww, log KOW> 5 [116]. However, recent studies and reviews 
showed that these criteria sometime are not able to identify bioaccumulative 
chemicals [116-118]. For example, Kelly (2001, 2003, 2007) showed that 
compounds with low KOW but high KOA (i.e. chlorobenzenes and lindane), which 
cannot bioaccumulate in aquatic food webs, have the capability to bioaccumulate 
in lichen-caribou-wolf and marine mammalian food chains [21, 119, 120].  Many 
studies also showed that chemicals with log KOA > 5 to 6 can bioaccumulate in 
air-breathing organisms, even the chemical’s log KOW <5, but >2 [116].  
 
Recent reviews showed that trophic magnification factor (TMF), which represents 
the average diet-to-consumer transfer of a chemical through food webs, can be 
used as a more reliable tool to screen bioaccumulative chemicals [116, 117]. TMF 
is estimated through the slope of a regression between logarithmically 
transformed chemical concentration (usually on lipid wt basis) and trophic level 
of organisms in the food web [117, 118]. Chemical shows bioaccumulation 
behavior in food web when TMF >1, while it experiences trophic dilution in food 
web when TMF < 1. In this study, the TMF is applied to evaluate chemical’s 
bioaccumulation behavior in Singapore’s marine environment. So, both the 
chemical concentrations in marine environment and trophic levels of organisms 
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should be provided. Since the food web structures (trophic levels of organisms in 
food web) of Singapore’s marine ecosystems are not studied yet, there is a need to 
characterize food web structures in these ecosystems.  
 
The bioaccumulation behaviors of PCBs, OCPs and PBDEs have been 
extensively studied in various food webs worldwide [120-129].  In comparison, 
the bioaccumulation behaviors of emerging contaminants, such as novel BFRs 
(TBBPA, HBCDs, BTBPE, PBEB, etc.), DPs, musks, triclosan and methyl 
triclosan have been also studied in various food webs worldwide [68, 79, 126, 
129-135]. But the comprehensive evaluation of bioaccumulation behaviors of 
these emerging contaminants in marine food webs is still limited. In tropical 
marine environment, the bioaccumulation behavior of both legacy POPs and 
emerging contaminants have not been studied yet. Previous studies showed that 
legacy POPs (i.e. PCB 153, 4, 4’-DDE, BDE 47) bioaccumulate in food webs. 
While the limited studies showed that emerging contaminants (i.e. galaxolide, 
tonalide, triclosan) may not bioaccumulate in food webs. There is a need to 
evaluate the bioaccumulation behavior of both legacy POPs and emerging 









In this thesis, the occurrence and bioaccumulation behavior of legacy POPs and 
emerging contaminants in Singapore marine environment are investigated by 
conducting field studies in East Coast Sea and two mangrove wetlands. Facing the 
occurrence of increasing numbers of organic contaminants in environment, there 
is a need to develop multiresidue analysis method that is capable of identifying 
and quantifying large numbers of organic contaminants from one sample extract, 
which is time and cost saving and environmental friendly. With the applications 
of SPE for seawater, UAE for solid samples (sediment and biota), and various 
cleanup technologies, GC-MS/MS and LC-MS/MS are applied to identify and 
quantify legacy POPs and emerging contaminants, with the advantages of high 
selectivity and high sensitivity.  
 
The specific objectives of this thesis are as follows: 
 Develop robust analytical methods to identify and quantify concentrations of 
legacy POPs and emerging contaminants in environmental and biological 
media (seawater, marine sediment, invertebrates and fish) based on GC-
MS/MS and LC-MS/MS 
 Characterize food web structures in Singapore marine environment (off-shore 
and coastal mangrove ecosystems) using stable isotope analysis to provide 
basic information for investigation of trophic transfer of organic contaminants 
in these food webs  
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 Measure concentrations of legacy POPs and emerging contaminants in field 
collected samples of seawater, sediments and biota from tropical marine 
environment, including off-shore and coastal mangrove locations around 
Singapore 
 Evaluate the bioaccumulation behavior of legacy POPs and emerging 
contaminants in Singapore off-shore marine environment 
 Evaluate the bioaccumulation behavior of legacy POPs and emerging 
contaminants in Singapore coastal mangrove ecosystem 
 
1.6 Organization of chapters 
 
The thesis comprises of seven chapters. Chapter 1 is the introduction. Chapter 2 
describes the development and validation of a multiresidue analysis method for 
analyzing legacy POPs and emerging contaminants in seawater samples based on 
the usage of GC/MS/MS. Chapter 3 describes the development and validation of 
multiresidue analysis methods for analyzing legacy POPs and emerging 
contaminants in sediment and biota samples based on the usage of GC-MS/MS 
and LC-MS/MS. Chapter 4 shows the characterization of three food webs: one 
off-shore marine food web and two coastal mangrove food webs by using stable 
isotope analysis. Trophic levels of each species were determined based on δ15N. 
Chapter 5 investigates the occurrence and bioaccumulation behavior of legacy 
POPs and emerging contaminants in Singapore off-shore marine environment. In 
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this study, samples from Singapore East Coast Sea (seawater, phytoplankton, 
marine sediment and fish) were collected and analyzed. Chapter 6 investigates the 
occurrence and bioaccumulation behavior of legacy POPs and emerging 
contaminants in Singapore coastal mangrove ecosystems. In this study, samples 
from Sungei Buloh Wetland Reserve and Sungei Mandai Wetland (seawater, 
sediment, fish and invertebrates, such as clam, crab, worm, et.) were collected and 
analyzed. Analysis of fish-eating birds from Singapore were also included in this 
study for comprehensive understanding of bioaccumulation behavior of legacy 
POPs and emerging contaminants. Chapter 7 summarizes the results and gives the 
overall conclusions regarding the fate and behavior of legacy POPs and emerging 















CHAPTER 2  
 
Multiresidue Analysis of Legacy POPs and Emerging Contaminants in 





The occurrence and environmental behavior of legacy persistent organic 
pollutants (POPs) including polychlorinated biphenyls (PCBs), organochlorine 
pesticides (OCPs) and chlorobenzenes has been well studied in aquatic 
environments due to their high degree of persistence, bioaccumulation and 
potential toxic effects [29, 136, 137]. Despite regulatory action in the 1970s, these 
trace residues of these chemicals are still present at appreciable concentrations in 
aquatic systems [138-140]. More recently, studies have demonstrated the potential 
environmental risks posed by  emerging organic contaminants (EOCs), including 
halogenated flame retardants, synthetic musks, and methyl triclosan, a 
degradation product of the common bactericide, triclosan [57, 68, 141-145].  
 
Many of these substances are high production volume chemicals, associated with 
common household and consumer products and exhibit endocrine disrupting 
behavior [39, 146, 147]. Many of these emerging contaminants of concern enter 
the environment via wastewater discharge, hence accurate trace residue analyses 
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in surface waters is crucial for risk assessment. In particular, seawater is an 
important medium influencing the fate, transport and bioavailability of 
hydrophobic organic contaminants in coastal marine regions [148-151]. In 
seawater, hydrophobic organic compounds can be freely dissolved or bound to 
particulate phases, with phase distribution being determined by the chemicals 
hydrophobicity. Freely dissolved concentrations are more relevant for 
ecotoxicology studies, as this represents the bioavailability to aquatic organism, 
while particulate-bound concentrations are important for fate and transport 
investigations [152-154]. 
 
Various extraction protocols for seawater have been reported, including 
techniques such as liquid-liquid extraction (LLE) [80-82], stir bar sorptive 
extraction (SBSE) [83, 84] and solid phase extraction (SPE) [85, 86]. SPE has 
been widely used for extraction of water samples since the 1990s. SPE is simple, 
fast, requires minimal solvent and can be tailored for specific analytes with 
different properties by proper sorbent selection [87, 88]. Amberlite XAD-2 resin 
was the most common adsorbent utilized for the extraction of hydrophobic 
organic compounds from seawater [149-151, 155-157]. However, amberlite 
XAD-2 resin usually requires very large volumes of both sample (10-100 L 
seawater) and elution solvent (100-300 mL), as compared to SPE via C18 disks, 
which only require a few litres of sample and mL volumes of elution solvent [86]. 
 
 Legacy POPs and EOCs are generally semivolatile and thus amenable to gas 
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chromatography (GC amenable). Gas chromatography-triple quadrupole mass 
spectrometry (GC-MS/MS) is a relatively new technique for identifying and 
quantifying organic contaminants in environmental samples [85, 100, 101]. GC-
MS/MS provides enhanced selectivity and sensitivity compared to conventional 
single quadrupole GC/MS. Specifically, utilization of tandem MS can effectively 
reduce co-extractive compound interference and sample matrix effects, resulting 
in increased signal to noise (S/N) ratio and ultimately robust limits of detection 
[101, 106, 107].  
 
Recent studies indicate that GC-MS/MS is an attractive alternative to high 
resolution gas chromatography high resolution mass spectrometry 
(HRGC/HRMS), as it provides comparable accuracy and limits of quantification, 
with much lower technical requirements and operational costs associated with 
HRGC/HRMS [158]. However, currently there are relatively few studies 
demonstrating the efficacy of GC-MS/MS for trace residue analysis of legacy 
POPs and EOCs in environmental and biological samples.  
 
The objective of the present study was to develop and validate a robust GC-
MS/MS based analytical method for the simultaneous determination of legacy 
POPs and EOCs in seawater. The target list is comprehensive, with a total of 86 
target analytes, including 28, 22 OCPs, 7 chlorobenzenes (CBz), 15 brominated 
flame retardants (BFRs), 2 chlorinated flame retardants (CFRs), 6 polycyclic 
musks (PCMs), 4 nitro-aromatic musks (NAMs), Bis (4-chlorophenyl) sulfone 
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(BCPS) and methyl triclosan (MTCS). The method performance was evaluated 
through a series of laboratory experiments and further tested by extraction and 
analysis of several field collected seawater samples from Singapore’s coastal 
marine environment.  
 
2.2 Materials and methods 
 
2.2.1 Chemicals and materials 
 
The target analytes (86 compounds) are summarized in Appendix 1. The list 
includes polychlorinated biphenyls congeners: PCB 8, PCB 18, PCB 28, PCB 44, 
PCB 52, PCB 66, PCB 77, PCB 81, PCB 101, PCB 105, PCB 114, PCB 118, PCB 
123, PCB 126, PCB 128, PCB 138, PCB 153, PCB 156, PCB 157, PCB 167, PCB 
169, PCB 170, PCB 180, PCB 187, PCB 189, PCB 195, PCB 206, and PCB 209; 
organochlorine pesticides: aldrin, α-HCH, β-HCH, γ-HCH, δ-HCH, α-chlordane, 
γ-chlordane, 4,4’-DDD, 4,4’-DDE, 4,4’-DDT, dieldrin, α-endosulfan, β-
endosulfan, endosulfan sulfate, endrin, endrin aldehyde, endrin ketone, 
heptachlor, heptachlor epoxide (isomer B), methoxychlor, cis-nanachlor, and 
trans-nonachlor; chlorobenzenes: 1,3,5-trichlorobenzene (1,3,5 TriCBz), 1,2,4-
triclorobenzene (1,2,4 TriCBz), 1,2,3,4-tetrachlorobenzene (1,2,3,4 TeCBz), 
1,2,3,5-tetrachlorobenzene (1,2,3,5 TeCBz), 1,2,4,5-tetrachlorobenzene (1,2,4,5 
TeCBz), pentachlorobenzene (PeCBz) and hexachlorobenzene (HCBz); 
brominated flame retardants: 1, 3, 5-tribromobenzene (1,3,5 TriBBz), 1, 2, 4, 5-
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tetrabromobenzene (1,2,4,5 TriBBz), hexabromobenzene (HBBz), 
pentabromotoluene (PBT), 2,2',4,4',5,5'-hexabromobiphenyl (PBB 153), 
pentabromoethylbenzene (PBEB), bis(4-chlorophenyl) sulfone (BCPS); 
tetrabromoethylcyclohexane (TBECH), 1,2-Bis (2,4,6-tribromophenoxy) ethane 
(BTBPE), and polybrominated diphenyl ether congeners (BDE 28, BDE 47, BDE 
99, BDE 100, BDE 153, BDE 154, BDE 183); chlorinated flame retardants: syn-
dechlorane plus (syn-DP) and anti-dechlorane plus (anti-DP); synthetic musks 
(celestolide, phantolide, traesolide, galaxolide, tonalide, musk ambrette, musk 
xylene, musk moskene, musk tibetene, and musk ketone); and methyl triclosan 
(MTCS).  
 
Commercially available mixtures of the 22 chlorinated pesticides in toluene: 
hexane at 1,000 mg/L (α & β-endosulfan 2000 mg/L), 28 PCBs in isooctane at 10 
mg/L, a solution mix of 8 PBDEs in isooctane: toluene at 20 mg/L (BDE 209 200 
mg/L, but not included in the method), PBB 153 in isooctane at 35 mg/L, were 
purchased from AccuStandard (New Haven, CT, USA). Chlorobenzenes were 
purchased as liquid or solid standards from AccuStandard (New Haven, CT, 
USA). PBEB, HBBz, anti-DP, and syn-DP in toluene at 50 mg/L each and BTBPE 
in nonane: toluene at 50 mg/L, were purchased from Wellington Laboratories 
(Ontario, Canada). Musk ketone was purchased as liquid standard from SAFC, 
Sigma (St Louis, MO, USA). Musk xylene in cyclohexane at 100 mg/L and all 
other synthetic musks in cyclohexane at 10 mg/L, as well as methyl triclosan in 
cyclohexane at 10 mg/L, were purchased from Dr. Ehrenstorfer GmbH 
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(Augsburg, Germany). 1, 2, 4, 5-tetrabromobenzene, the technical mixture of 
TBECH isomers, and BCPS were purchased as liquid or solid standards from 
Sigma (St Louis, MO, USA). 1, 3, 5-tribromobenzene and PBT were purchased as 
liquid standards from Tokyo Chemical Industry (Tokyo, Japan) and Acros 
Organics (New Jersey, USA), respectively.  
 
Stable-isotope, carbon-13 (13Cx) and deuterium (dx), labeled compounds were 
purchased for use as internal surrogate standards (IS) or injection recovery 
standards (RS) (Appendix 1). Musk xylene-d15 in acetone at 100 mg/L, tonalide-
d3 in isooctane at 100 mg/L, 
13C6-α--HCH and 
13C6-γ-HCH in cyclohexane at 100 
mg/L, were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). A 





153, 13C12-PCB 138, 
13C12-PCB 180, and 
13C12-PCB 209) in nonane at 5 mg/L, 
13C12-PCB 111 in nonane at 40 mg/L, 
13C6-1,2,3,4-TeCBz in isooctane at 100 
mg/L, 13C6-HCBz in nonane at 100 mg/L, and 1,2,4-TriCBz-d3 (neat) were 
purchased from Cambridge Isotope Laboratories (Andover, MA, US). A mixture 
of 13C12-PBDEs (
13C12-BDE 47, 
13C12-BDE 99, and 
13C12-BDE 153) in nonane at 
5 mg/L, 13C12-BDE 77 in nonane: toluene at 50 mg/L, 
13C6-HBBz in toluene at 50 
mg/L and 13C12-MTCS in nonane at 50 mg/L, were purchased from Wellington 
Laboratories (Ontario, Canada). 
 
Solvents were HPLC grade, including dichloromethane (DCM), methanol, and 
isooctane, which were purchased from Fisher Scientific (Loughborough, UK). 
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Empore® C18 extraction disk (diameter 47 mm) was obtained from Phenomenex 
(Torrance, CA, US). Glass fiber filter (pore size 1 µm, diameter 47 mm), granular 
anhydrous sodium sulfate and florisil (60-100 mesh) were purchased from Sigma 
(St Louis, MO, USA). 
 
2.2.2 Sample collection 
 
For the present study, seawater samples were collected on boat from four coastal 
locations around Singapore Island, including Johor Strait (S1), Jurong Island (S2), 
East Coast (S3) and Pasir Ris (S4) as shown in Figure 2.1. A 4L water sampler 
fabricated in-house consisting of a weighted stainless steel encompassing a 4 L 
amber glass bottle equipped with a quick release stopper, was deployed to collect 
seawater just above the bottom sediments (~10-14 m depth). Collected water was 
transferred to solvent rinsed amber glass bottles, which were packed on ice, 
delivered to laboratory and then stored in a cold room (4 oC) until processing. To 
avoid analyte degradation, processing of seawater was conducted within one day 
of collection. Seawater samples (2.2 to 2.6 L) were filtered through a glass fiber 
filter (pore size 1 µm) to obtain filtrate and suspended sediment (particulate 
bound fraction), which were then processed separately. Field blanks, consisting of 










2.2.3. Sample preparation 
 
2.2.3.1 Seawater filtrate extraction 
 
Seawater filtrate was extracted using solid phase extraction (SPE) with C18 disk. 
After spiking with 2.5 ng internal surrogate standards (5 ng for musk xylene-d15), 
seawater filtrate was shaken several times by hand and left to stand for several 
hours prior to extraction. Empore® C18 disk was used to extract target analytes 
from seawater filtrate at a flow rate of 100 mL/min. Before loading the sample, 
C18 disk was washed with DCM and conditioned with methanol and MilliQ water 
in sequence. C18 disk was rinsed with 30 mL MilliQ water after loading seawater 
filtrate and allowed to dry for 5 minutes under vacuum. Elution was performed 









remove any residual water. The extract was solvent exchanged to isooctane and 
concentrated to near dryness under a gentle stream of nitrogen. The extract was 
then spiked with recovery standards (13C12-PCB 111 and 
13C12-BDE 77) prior to 
instrument analysis. The final volume of filtrate extract was ~50 µL. 
 
2.2.3.2 Suspended sediment extraction 
 
The retained suspended sediment on glass fiber filter was extracted with hexane: 
DCM (1:1, v/v) using ultrasound assisted extraction (UAE). Prior to extraction, 
2.5 ng internal surrogate standards (5 ng for musk xylene-d15) were spiked into 
the extraction vessel containing the filter. Baked granular sodium sulfate was 
added to remove any residual water. UAE with 15 mL hexane: DCM for 15 min 
was repeated three times. All three extracts were combined and concentrated to ~1 
mL under gentle nitrogen. Extract was further cleaned up using a small (1 g) 
deactivated florisil (1.5% H2O by weight) pipette column. The target analytes 
were eluted with 15 mL hexane: DCM (1:1, v/v) then 10 mL DCM. The eluate 
was solvent exchanged to isooctane and concentrated under gentle nitrogen. 
Recovery standards (13C12-PCB 111 and 
13C12-BDE 77) were spiked prior to 







2.2.4 Instrumental analysis 
 
2.2.4.1 Instrument conditions 
 
Identification and quantification of target analytes were performed through an 
Agilent 7890A GC with 7000B triple quadrupole mass spectrometry (Palo Alto, 
CA, USA). An inert electron impact (EI) ion source at -70eV was applied to 
ionize target analytes. The mass spectrometer was operated in multiple reaction 
monitoring (MRM) mode. Helium gas (>99.999%) was used as carrier gas and 
quench gas, while nitrogen gas (>99.999%) was used the collision gas. The flow 
rates of collision and quench gas were 1.5 ml/min and 2.25 ml/min, respectively. 
Two separate chromatographic runs were employed to effectively separate the 86 
target compounds, including (i) DB-5MS column (60 m×0.25 mm i.d. ×0.10 µm, 
Agilent) for PCBs, OCPs and synthetic musks and (ii) HT-5MS column (15 
m×0.25 mm i.d. ×0.10 µm, Agilent) for flame retardants, 4,4’ DDT and 
methoxychlor (Table 1, Table 2). 
 
For analysis of compounds on the 60 m DB-5MS column, the conditions were as 
follows: injection temperature 250 oC, splitless injection for 1 min at 50 psi, 
helium constant flowrate 1.2 ml/min, initial oven temperature 70 oC, held for 2 
min, ramped to 120 oC at 20 oC/min, to 160 oC at 4 oC/min, to 220 oC at 2 oC/min, 
to 300 oC at 10 oC/min, and held for 8 min, total run time 62.5 min; transfer line 
temperature 280 oC, ion source temperature 280 oC, quadrupole temperature (Q1 
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and Q3) 150 oC, solvent delay 7 min. For analysis of compounds on the 15 m HT-
5MS column the following conditions were used: injection temperature 250 oC, 
splitless injection for 1 min at 15 psi, helium constant flowrate 1.2 ml/min, initial 
oven temperature 70 oC, held for 2 min, ramped to 160 oC at 25 oC/min, to 200 oC 
at 5 oC/min, to 320 oC at 15 oC/min, and held for 8 min, total run time 29.6 min; 
transfer line temperature 280 oC, ion source temperature 230 oC, quadrupole 
temperature (Q1 and Q3) 150 oC, solvent delay 3.5 min. Injection volume was 1 
L. 
 
The optimized results of separation (retention time) and MRM transitions were 


















energy  (eV) 






1 8.190 1,3,5-Trichlorobenzene 181.5 179.9> 145.0 50 20  181.9> 147.0 50 20 
 8.772 1,2,4-Trichlorobenzene-d3 184.4 182.9> 148.0 50 20  184.9> 150.0 50 20 
 8.798 1,2,4-Trichlorobenzene 181.5 179.9> 145.0 - 20  181.9> 147.0 - 20 
           
2 11.172 1,2,3,5-Tetrachlorobenzene 215.9 213.9> 178.9 50 20  215.9> 180.9 50 20 
 11.219 1,2,4,5-Tetrachlorobenzene 215.9 213.9> 178.9 - 20  215.9> 180.9 - 20 
 12.134 13C6-1,2,3,4-Tetrachlorobenzene 221.9 219.9> 184.9 50 20  221.9> 186.9 50 20 
 12.139 1,2,3,4-Tetrachlorobenzene 215.9 213.9> 178.9 - 20  215.9> 180.9 - 20 
           
3 14.801 Cashmeran 206.3 191.1> 135.1 50 12  206.1> 163.1 50 7 
 15.115 Pentachlorobenzene 250.3 249.8> 214.9 50 20  247.8> 212.9 50 20 
           
4 19.906 13C6-α-HCH 296.8 224.9> 189.0 15 6  186.9> 151.0 15 16 
 19.920 α-HCH 290.8 218.9> 182.9 15 6  180.9> 145.0 15 16 
 20.052 13C6-Hexachlorobenzene 290.8 289.8> 254.9 15 20  291.8> 256.9 15 20 
 20.062 Hexachlorobenzene 284.8 283.8> 248.9 15 20  285.8> 250.9 15 20 
 20.146 PCB 8 233.1 222.0> 152.1 15 32  224.0> 152.1 15 32 
 20.489 Celestolide 244.4 244.1> 229.1 15 7  229.1> 173.1 15 7 
           
5 21.486 β-HCH 290.8 218.9> 182.9 20 6  180.9> 145.0 20 16 
 21.742 Phantolide 244.4 244.1> 229.2 20 7  229.1> 187.2 20 7 
 21.897 13C6-γ-HCH 296.8 224.9> 189.0 20 6  186.9> 151.0 20 16 
 21.916 γ-HCH (Lindane) 290.8 218.9> 182.9 - 6  180.9> 145.0 - 16 
 22.693 PCB 18 257.5 256.0> 186.1 20 24  258.0> 186.1 20 24 
           
6 23.852 δ-BHC 290.8 218.9> 182.9 10 6  180.9> 145.0 10 16 
 24.111 Musk ambrette 268.3 253.1> 106.1 10 7  253.1> 134.1 10 7 
 24.529 Musk xylene-d15 312.4 294.2> 98.1 10 28  312.2> 294.2 10 7 
 24.800 Traesolide 258.4 215.1> 173.1 10 7  215.1> 131.1 10 18 
 24.898 Galaxolide 258.4 243.1> 213.1 10 12  243.1> 171.1 10 18 
 25.003 Musk xylene 297.3 282.1> 91.1 25 28  297.1> 282.1 25 7 
 25.144 Tonalide-d 3 261.4 261.2> 246.2 10 7  246.2> 190.2 10 7 
 25.226 Tonalide 258.4 258.1> 243.2 10 7  243.1> 187.1 10 7 
           
7 25.906 Musk moskene 278.3 263.1> 221.1 50 7  263.1> 172.1 50 12 
 25.917 13C12-PCB 28 269.5 268.0> 198.1 30 24  270.0> 198.1 30 24 
 25.938 PCB 28 257.5 256.0> 186.1 30 24  258.0> 186.1 30 24 
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8 26.717 Heptachlor 373.3 271.8> 236.9 50 16  273.8> 238.9 50 16 
 27.542 Musk tibetene 266.3 251.1> 160.1 50 12  251.1> 174.1 50 12 
           
9 28.407 13C12-PCB 52 304.0 302.0> 232.1 20 32  304.0> 232.1 20 32 
 28.434 PCB 52 292.0 289.9> 220.1 25 32  291.9> 220.1 25 32 
 29.243 Aldrin 364.9 262.9> 192.9 25 35  264.9> 194.9 25 35 
 29.344 Musk ketone 294.3 279.1> 191.1 40 12  279.1> 118.1 40 20 
 29.787 PCB 44 292.0 289.9> 220.1 - 32  291.9> 220.1 - 32 
           
10 32.282 Heptachlor epoxide  
(isomer B) 
389.3 352.9> 262.9 50 16  354.9> 264.9 50 16 
 33.127 PCB 66 292.0 289.9> 220.1 50 32  291.9> 220.1 50 32 
           
11 34.163 γ-Chlordane 409.8 372.9> 265.9 15 24  374.9> 267.9 15 24 
 35.011 13C12-PCB 101 338.4 336.0> 266.0 15 32  338.0> 268.0 15 32 
 35.032 PCB 101 326.4 323.9> 254.0 15 32  325.9> 256.0 15 32 
 35.090 α-Endosulfan 406.9 240.9> 205.9 25 16  206.9> 171.9 25 16 
 35.173 α-Chlordane 409.8 372.9> 265.9 - 24  374.9> 267.9 - 24 
 35.341 13C12-Methyl triclosan 315.5 314.0> 264.1 15 20  264.0> 200.1 15 20 
 35.362 Methyl triclosan 303.6 301.9> 252.1 15 20  251.9> 189.1 15 20 
 35.449 trans-Nonachlor 444.2 406.8> 299.9 15 26  408.8> 301.9 15 26 
           
12 37.024 13C12-PCB 111 (RS) 338.4 336.0> 266.0 25 32  338.0> 268.0 25 32 
 37.114 PCB 81 292.0 289.9> 220.1 25 32  291.9> 220.1 25 32 
 37.271 Dieldrin 380.9 276.9> 240.9 25 8  262.9> 192.9 25 35 
 37.410 4,4'-DDE 318.0 246.0> 176.0 25 35  248.0> 176.0 25 35 
 37.952 PCB 77 292.0 289.9> 220.1 - 32  291.9> 220.1 - 32 
           
13 38.867 Endrin 380.9 262.9> 192.9 100 35  262.9> 190.9 100 35 
           
14 39.700 PCB 123  326.4 323.9> 254.0 20 32  325.9> 256.0 20 32 
 39.880 β-Endosulfan 406.9 240.9> 205.9 25 16  236.9> 142.9 25 35 
 40.019 PCB 118 326.4 323.9> 254.0 - 32  325.9> 256.0 - 32 
 40.358 cis-Nonachlor 444.2 406.8> 299.9 20 26  408.8> 301.9 20 26 
 40.747 PCB 114 326.4 323.9> 254.0 - 32  325.9> 256.0 - 32 
 40.841 4,4'-DDD 320.0 235.0> 165.1 20 35  237.0> 165.1 20 35 
 41.128 Endrin aldehyde 380.9 249.9> 214.9 20 32  344.9> 280.9 20 8 
           
15 41.807 13C12-PCB 153 372.9 371.9> 302.0 40 32  369.9> 300.0 40 32 
 41.829 PCB 153 360.9 359.8> 289.9 40 32  357.8> 288.0 40 32 
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 41.975 PCB 105 326.4 323.9> 254.0 40 32  325.9> 256.0 40 32 
           
16 43.119 Endosulfan sulfate 422.9 271.8> 236.9 30 16  273.8> 238.9 30 16 
 43.901 13C12-PCB 138 372.9 371.9> 302.0 30 32  369.9> 300.0 30 32 
 43.931 PCB 138 360.9 359.8> 289.9 30 32  357.8> 288.0 30 32 
 43.941 4,4'-DDT 354.5 235.0> 165.1 30 35  235.0> 199.0 30 22 
           
17 44.777 PCB 126 326.4 323.9> 254.0 50 32  325.9> 256.0 50 32 
 45.143 PCB 187 395.3 393.8> 323.9 50 32  395.8> 323.9 50 32 
           
18 45.806 PCB 128 360.9 359.8> 289.9 50 32  357.8> 288.0 50 32 
 46.109 PCB 167 360.9 359.8> 289.9 - 32  357.8> 288.0 - 32 
 46.399 Endrin ketone 346.5 316.9> 280.9 50 10  314.9> 278.9 50 10 
           
19 47.265 PCB 156 360.9 359.8> 289.9 30 32  357.8> 288.0 30 32 
 47.492 PCB 157 360.9 359.8> 289.9 - 32  357.8> 288.0 - 32 
 47.786 Methoxychlor 345.7 227.1> 169.0 30 32  227.1> 141.1 30 38 
 48.060 13C12-PCB 180 407.3 405.9> 336.0 30 32  407.9> 336.0 30 32 
 48.073 PCB 180 395.3 393.8> 323.9 30 32  395.8> 323.9 30 32 
           
20 48.979 PCB 169 360.9 359.8> 289.9 50 32  357.8> 288.0 50 32 
 49.179 PCB 170 395.3 393.8> 323.9 50 32  395.8> 323.9 50 32 
           
21 50.278 PCB 189 395.3 393.8> 323.9 50 32  395.8> 323.9 50 32 
 50.640 PCB 195 429.8 427.8> 357.8 50 32  429.8> 359.9 50 32 
           
22 52.273 PCB 206 464.2 463.7> 393.8 100 32  465.7> 395.8 100 32 
           
23 53.021 13C12-PCB 209 510.7 509.8> 439.8 50 32  511.8> 441.8 50 32 




























1 4.394 1,3,5-Tribromobenzene 314.8 313.8> 234.9 50 22  315.8> 234.9 50 24 
           
2 6.002 1,2,4,5-Tetrabromobenzene 393.7 393.7> 233.9 100 42  391.7> 312.8 100 24 
           
3 7.754 Tetrabromoethylcyclohexane  
(TBECH-1) 
427.8 266.9> 105.0 100 14  264.9> 105.0 100 14 
 7.862 TBECH-2  266.9> 105.0 - 14  264.9> 105.0 - 14 
 8.616 TBECH-3 & 4  266.9> 105.0 - 14  264.9> 105.0 - 14 
           
4 10.247 Bis(4-chlorophenyl) sulfone (BCPS) 287.2 285.9> 159.0 10 10  287.9> 161.0 10 10 
 10.378 Pentabromotoluene (PBT) 486.6 485.6> 406.7 15 18  487.6> 406.7 15 18 
 10.460 BDE 28 406.9 405.8> 246.0 15 20  407.8> 248.0 15 20 
 11.004 Pentabromoethylbenzene (PBEB) 500.6 499.6> 484.6 15 24  501.6> 486.6 15 24 
           
5 11.689 4,4'-DDT 354.5 235.0> 165.1 100 35  235.0> 199.0 100 22 
           
6 12.616 13C6-Hexabromobenzene  
(13C6-HxBBz) 
557.5 557.4> 478.6 30 26  559.6> 478.6 30 26 
 12.630 Hexabromobenzene (HxBBz) 551.5 551.6> 472.6 30 26  553.6> 472.6 30 26 
           
7 13.516 Methoxychlor 345.7 227.1> 169.0 30 32  227.1> 141.1 30 38 
 13.647 13C12-BDE 47 497.8 497.7> 337.9 30 20  495.8> 335.9 30 20 
 13.661 BDE 47 485.8 485.8> 325.9 30 20  483.8> 323.9 30 20 
           
8 14.663 13C12-BDE 77 (RS) 497.8 497.7> 337.9 100 20  495.8> 335.9 100 20 
 15.521 BDE 100 564.7 563.7> 403.8 50 24  565.7> 405.8 50 24 
 15.944 13C12-BDE 99  575.7> 415.9 50 24  577.7> 417.8 50 24 
 15.949 BDE 99 564.7 563.7> 403.8 - 24  565.7> 405.8 - 24 
           
10 16.930 PBB 153 627.6 625.6> 546.7 50 18  627.6> 548.7 50 18 
 16.966 BDE 154 643.6 643.6> 483.7 50 24  641.6> 481.7 50 24 
           
11 17.421 13C12-BDE 153 655.6 655.6> 495.9 50 24  653.6> 493.9 50 24 
 17.425 BDE 153 643.6 643.6> 483.7 50 24  641.6> 481.7 50 24 
           
12 18.624 BDE 183 722.5 723.6> 563.7 50 24  721.6> 561.7 50 21 




           
13 19.602 syn-Dechlorane plus  
(syn-DP) 
653.7 271.8> 236.9 100 18  273.8> 238.9 100 18 
 19.868 anti-Dechlorane plus  
(anti-DP) 
653.7 271.8> 236.9 - 18  273.8> 238.9 - 18 
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2.2.4.2 Identification and quantification of target analytes 
 
In all cases, two MRM transitions were used to identify target analytes during 
each chromatographic run. An isotope dilution method using relative response 
factors (RRFs) of target analytes was used to quantify target analytes. 
Corresponding internal surrogate standards for analysis of target analytes in 
filtrate and suspended sediment are shown in Appendix 1. The linear range of 
calibration standard was from 1 pg/µL to 200 pg/µL for all the target analytes, 
except for endosulfan I and endosulfan II (2 to 400 pg/µL), musk xylene, BDE 
183, HBB and BTBPE (5 to 200 pg/µL). Method detection limit (MDL) was 
determined as the concentration corresponding to a response with a signal to noise 
ratio of 5 in sample matrix. The noise was determined through root mean square 
(RMS) of heights in the noise region.   
 
The following quality assurance/quality control (QA/QC) criteria were followed: 
1) the target analyte was quantified only when the signal to noise ratio was above 
5 (> MDL); 2) the uncertainty of qualifier to quantifier ratio was < 20%; 3) the 
relative standard deviation (RSD, %) of RRF determined in the seven point 
calibration standards was < 20%; 4) the recoveries of internal surrogate standards 
were > 30%; 5) residue observed in field and/or procedural blanks were 





2.2.5. Method performance assessment 
 
Method validation was conducted by analyzing MilliQ water, seawater and 
suspended sediment samples, spiking with target analytes and internal surrogate 
standards at different (environmentally relevant) concentration levels. For native 
compounds, the spiking levels were 0.2 ng/L (0.5 ng in 2.2 L) and 1.1 ng/L (2.5 
ng in 2.2 L), except for musk xylene (0.6 and 2.8 ng/L), endosulfan I and II (0.5 
and 2.3 ng/L). Similarly, internal surrogate standards were spiked at 
approximately 1.1 ng/L (2.5 ng in 2.2 L), except for musk xylene-d15, which was 
spiked at approximately 2.3 ng/L (5 ng in 2.2 L). The method performance was 
assessed by evaluation of the linearity response (RRFs), relative and absolute 
recovery (%) and method detection limit (MDL) of the various target analytes.  
 
2.3 Results and discussion 
 
2.3.1 GC-MS/MS method development 
 
MRM transitions were set up to monitor the target analytes in dissolved and 
particulate phases (filtrate and suspended sediment) in seawater. Precursor ions of 
one target analyte were determined by analyzing an authentic standard under MS1 
full scan mode.  For the purpose of this study, at least three m/z values were 
chosen from the mass spectrum for each compound. Product ions were 
determined by analysis of the standard under product ion scan mode, at collision 
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energies of 5, 15, 30 and 45 eV. The collision energy for each MRM transition 
was optimized by analysis of the standard at different collision energies (up to 60 
eV) in MRM mode. Agilent software was then used to set the optimal collision 
energy. Two MRM transitions for each compound were selected, one for 
quantification and the other for confirmation. The MS1 full scan and product ion 
scan mass spectrums of γ-HCH are shown in Appendices 2-5. 
 
Collision energy is a key factor for MRM transition. Evaluation of product ions 
from one precursor ion at a range of collision energies is essential. To illustrate 
the effect of collision energy on the sensitivity of MRM transition, peak areas 
corresponding to serial collision energies for γ-HCH, acquired through Qualitative 
Analysis software, are shown in Appendix 6 and the resulting MRM optimization 
data for γ -HCH are shown in Appendix 7. The results highlight that collision 
energy can substantially impact the sensitivity of the MRM transition for a given 
target analyte. For example, the MRM transition 180.9 > 145 for γ-HCH exhibits 
an abundance of 577,893 at collision energy of 16, compared to 13,574 at 
collision energy of 45. This corresponds to a 40 times lower instrument detection 
limit. However, according to the abundance data of MRM transition 189.9 >145 
for γ-HCH, there were no substantial differences in abundance (577,893, 557,645 
and 532,231) at 16, 18 and 20 ev.  
 
PCBs, OCPs, CBz, synthetic musks and MTCS were monitored on the 60 m DB-
5MS column, while BFRs and CFRs were monitored on a 15 m HT-5MS column. 
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Methoxychlor and 4, 4’-DDT did not produce linear responses when analyzed via 
the 60 m DB-5MS column. To avoid the apparent on-column degradation of these 
two compounds, they were analyzed together with BFRs and CFRs on the 15 m 
HT-5MS column. To maximize the sensitivity and obtain enough data points for 
good peak shape, twenty three time segments for 60 m column analysis and 
thirteen time segments for 15 m analysis were applied. Details regarding exact 
retention time, MRM transition, dwell time, and collision energy are summarized 
in Tables 2.1 & 2.2. 
 
2.3.2 Method performance 
 
2.3.2.1 Analyte recoveries 
 
Table 2.3 shows relative recoveries (RR, %), based on recovery corrected 
concentrations using corresponding IS, and method detection limits (MDL, pg/L) 
of the target analytes. Absolute recoveries (AR, %) of target analytes and 
corresponding internal surrogate standards are shown in Appendices 8 & 9. In 
general, RR and AR of the target analytes and corresponding internal surrogate 
standards were between 70% to 130% and 30 to 100 %, respectively. The results 
also showed that inter-batch variation is negligible, as spike-recovery experiments 





For filtrate samples using C18 extraction disks, spike-recovery tests using MilliQ 
water showed good recovery of the target analytes, with the exception for some of 
the more volatile compounds (tri-tetra chlorobenzenes, 1,3,5-tribromobenzene), 
which exhibited relatively low recoveries (AR~25-30%). For tests with seawater 
(2.2 L), recoveries of these compounds (native and mass labelled surrogates) were 
noticeably worse (AR~ 10-20 %) and highly variable (RSD~20-30%), indicating 
matrix has a substantial effect on sequestration of these compounds during 
extraction of seawater on the C18 disk. Matrix also seems to have affected the 
stability of RR for some compounds. For example, while RR for endrin were 
good for experiments using MilliQ water (101%), spike-recovery experiments in 
seawater showed RR between 131 and 221% (Table 2.3). The inflated AR is likely 
the result of differential matrix effect on the target analyte (endrin) and the 
corresponding IS (13C6 γ-HCH) during the experiments. Similar results were 
observed for aldrin, which was also quantified relative to 13C6 γ-HCH. In some 
cases, lower chlorinated PCBs (di to tetra PCB congeners) also exhibited highly 
variable RR during spiking experiments, despite being quantified relative to 
corresponding mass-labeled 13C12 PCB internal standards. The elevated RR for 
these PCBs was primarily observed at the high concentration spiking levels in 
seawater (2.5 ng in 2.2 L).  
 
Recoveries of target analytes in suspended sediment (filter) were generally higher 
than those observed for filtrate (Table 2.3, Table Appendices 8 & 9). Similar to 
filtrate sample, volatile compounds (tri-tetra chlorobenzenes and 1,3,5 
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tribromobenzene) exhibited the lowest recoveries. For suspended sediment, we 
first tested a 100% activated florisil column for post-extraction cleanup. The data 
showed that while nitro-aromatic musks (musk xylene, musk moskene, and musk 
tibetene) were effectively recovered, polycyclic musks (tonalide, traesolide and 
celestolide) exhibited very poor recoveries. Following the deactivation procedure 
from EPA method 3620C (1.5% deactivation), which acts to block highly active 
sites in the activated florisil, recoveries of the polycyclic musks were greatly 
improved. For this deactivated florisil column, we utilized an elution solvent 
sequence of 5 ml hexane: DCM (1:1, v/v), followed by 10 ml DCM. Utilization of 
this small florisil column provides effective cleanup of suspended sediment 
extract using minimal solvent, with good recovery of all target analytes.  
 
2.3.2.2 Method detection limits 
 
Method detection limits (MDLs) are typically determined by two different 
approaches. The first is the approach adopted by the US EPA approach, which 
calculates the standard deviation of replicate measurements at concentration level 
near the expected MDL, and multiplies it with student’s t value for n-1 degrees of 
freedom [100, 159]. The other approach is based on a particular signal to noise 
ratio derived in the relevant sample matrix. In particular, MDLs using this latter 
approach typically determine the concentration level that yields an S/N ratio of 3 




In the present study, we define a MDL of a given analyte as the concentration 
level in real sample that yields an S/N ratio of 5. The method based on S/N ratio is 
easy to apply with the help of software. Root mean square (RMS) method, which 
was used to calculate the noise height, is a method of calculating standard 
deviation in essence (assuming average noise level is zero). Considering the noise 
region (at least one peak width) and scan speed of MS in MRM mode (>15 data 
points per peak), 3×noise (RMS) is above the 99 percent confidence level, while 
5×noise (RMS) is above the 99.99 percent confidence level. 
 
Table 2.3 shows the observed MDLs for target analytes in MilliQ water, seawater 
filtrate and suspended sediment. In general, MDLs of target analytes in MilliQ 
water were lower than those observed for seawater filtrate, indicating the 
influence of matrix and the importance of establishing MDLs based on real 
sample matrices. The majority of analyte MDLs in seawater filtrate were below 5 
pg/L. Musks exhibited the highest MDLs, in the range of 3.2 to 51.1 pg/L. MDLs 
of OCPs were in the range of 1.3 to 31.7 pg/L; MDL of MTCS was 0.7 pg/L; 
MDLs of PCBs were in the low range, from 0.4 to 2.2 pg/L; MDLs of BFRs were 
in the range of 0.2 to 15.3 pg/L; MDLs of CFRs were from 0.4 to 0.5 pg/L.  
 
The results indicated that the method is highly sensitive for quantification of trace 
residues of legacy POPs and several emerging contaminants of interest (nitro-
aromatic and polycyclic musks, BFRs, CFRs) in seawater at parts per quadrillion 
(ppq) concentrations. For compounds such as PCBs, OCPs and PBDEs, which 
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have been previously investigated using GC-MS/MS, the MDLs achieved in the 
present study are equivalent to, or in some cases, lower than MDLs previously 
reported for those compounds [85, 101]. The sensitivity of GC-EI-MS/MS for 
PBDEs analysis were lower or equivalent to the ones previously reported using 









Table 2.3. Relative recovery (RR, %) and method detection limits (MDL, pg/L) for target analytes in seawater filtrate (dissolved phase) and 
suspended sediments (particulate phase). RSD represents relative standard deviation of replicate analyses.  
Target 
Analytes 
 MilliQ  Seawater Filtrate  Suspended Sediments 





0.5 ng b, n=4 
(Extraction Date: 
17/05/2013)  
0.5 ng b, n=4 
(Extraction Date: 
17/12/2013) 





0.5 ng b, n=4 
(Extraction Date: 
17/05/2013)  
2.5 ng a, n=4 
(Extraction Date: 
22/02/2013)  





 RR, % RSD, % RR, % RSD, % RR, % RSD, % RR, % RSD, % RR, % RSD, % RR, % RSD, % RR, % RSD, % 
                     
Celestolide  77 4 2.6  69 9 94 4 85 4 6.6  72 5 82 5 83 4 2.9 
Phantolide  89 4 2.4  92 4 102 2 97 3 12.9  79 4 89 4 90 2 3.1 
Traesolide  95 4 10.2  94 8 111 2 90 3 16.7  89 6 92 2 96 1 6.3 
Galaxolide  80 16 1.0  85 97 165 20 69 17 3.2  80 7 83 3 99 5 0.6 
Tonalide  107 5 9.3  101 17 96 6 90 2 18.9  81 3 89 2 95 2 15.2 
Musk xylene  115 6 20.5  116 9 112 11 107 7 51.1  102 9 111 16 109 10 43.9 
Musk- 
ambrette 
 102 4 8.0  92 16 84 10 93 15 10.1  73 16 77 21 83 17 18.0 
Musk 
moskene 
 109 7 9.0  101 13 103 3 99 8 30.0  90 7 91 14 100 7 27.0 
Musk tibetene  90 8 3.7  90 7 105 9 91 4 9.2  84 4 90 3 98 3 5.2 
Musk ketone  103 4 9.8  126 5 117 6 119 3 17.8  89 8 95 6 100 4 10.7 
                     
1,3,5-
TriCBz* 
 115 8 0.2  179 22 149 15 184 12 4.5  91 3 93 1 96 1 0.6 
1,2,4-
TriCBz* 




 147 16 1.1  269 36 236 26 231 18 6.1  90 4 91 1 93 3 1.1 
1,2,3,4-
TeCBz* 
 162 17 0.4  301 39 282 27 269 19 2.5  93 1 93 2 97 1 1.0 
PeCBz*  108 8 0.3  143 21 162 20 150 1 1.0  83 8 89 2 89 4 0.3 
HxCBz*  126 10 0.5  179 26 219 24 244 4 2.6  97 2 96 2 98 2 0.6 
α-HCH  101 3 1.1  95 4 110 4 96 2 4.3  94 5 95 2 99 2 1.6 
β-BHC  119 5 3.1  99 6 119 6 105 5 9.5  107 8 103 5 114 6 1.7 
γ-BHC  96 2 1.8  93 2 115 0 98 3 4.7  100 3 99 2 101 2 3.4 
δ-BHC  115 2 5.2  113 1 118 7 109 5 11.5  105 11 105 6 114 4 8.7 
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Heptachlor  74 5 0.4  87 7 80 15 83 8 1.4  111 1 115 2 115 3 1.0 
Aldrin  60 9 4.0  85 2 95 14 58 13 11.0  110 4 102 3 101 2 9.8 
Heptachlor -
epoxide 
 79 2 0.4  84 5 87 6 84 2 1.3  94 4 97 2 100 1 1.0 
α-Chlordane  77 3 0.8  80 1 88 5 80 9 2.1  81 6 85 4 90 2 1.0 
γ-Chlordane  80 1 1.5  87 3 92 3 79 5 1.9  81 4 81 4 85 2 0.5 
α-Endosulfan  79 3 3.5  106 3 100 5 96 8 13.9  120 7 109 7 114 2 3.6 
β-Endosulfan  83 6 8.6  109 6 101 4 91 10 31.7  110 6 105 7 108 3 20.9 
trans-
Nonachlor 
 77 2 1.4  74 3 92 4 75 5 4.6  91 6 93 5 97 5 3.1 
cis-Nonachlor  84 5 2.3  111 8 105 2 100 2 4.0  99 10 105 2 106 2 5.6 
4,4'--DDE  79 2 0.3  84 1 103 3 74 4 1.3  80 1 83 2 82 2 0.4 
4,4'--DDD  92 4 1.3  111 2 116 1 100 2 3.1  75 3 85 2 90 2 2.0 
4,4'--DDT  100 12 0.5  83 7 106 4 82 5 1.8   92 6 97 5 94 9 1.3  
Dieldrin  79 3 3.3  93 4 98 5 88 3 15.3  80 11 83 3 85 5 4.9 
Endrin  101 6 8.0  221 4 148 5 131 4 34.3  110 4 106 2 108 2 27.9 
Endrin- 
aldehyde 
 84 5 13.6  106 3 93 10 82 6 19.1  97 7 93 5 109 7 25.6 
Endrin ketone  85 10 6.7  122 9 115 5 101 8 20.9  92 16 93 9 98 10 13.9 
Endosulfan-
sulfate 
 76 11 1.0  103 2 97 4 113 3 4.9  83 4 91 3 105 1 2.3 
Methoxychlor  95 11 2.0  102 4 111 5 104 4 19.2   118 6 123 5 117 9 4.1  
Methyl- 
triclosan 
 91 1 0.3  92 3 105 4 88 1 0.7  84 2 91 3 93 1 0.4 
                     
PCB 8  89 5 0.4  105 15 96 5 153 3 1.0  80 4 88 5 82 3 0.6 
PCB 18  92 4 0.4  101 14 99 8 152 2 1.2  79 4 84 3 82 3 0.2 
PCB 28  116 6 0.6  132 15 132 12 197 3 1.4  96 1 100 2 101 1 0.3 
PCB 52  117 7 0.4  133 17 131 11 199 5 1.9  91 2 96 0 98 3 0.2 
PCB 44  127 8 0.4  148 18 138 10 228 4 1.5  96 2 101 1 103 3 1.1 
PCB 66  121 10 0.2  118 10 110 3 198 5 0.8  98 2 103 1 110 2 0.8 
PCB 101  111 9 0.9  105 12 109 3 177 4 1.0  93 2 93 1 95 2 0.8 
PCB 81  129 12 0.4  134 12 127 5 229 5 1.8  101 1 108 2 103 2 0.4 
PCB 77  132 10 0.4  133 4 122 3 160 3 1.9  101 1 110 2 102 2 2.0 
PCB 123  118 8 0.9  112 4 108 2 144 2 2.2  99 1 105 1 104 2 2.9 
PCB 118  131 9 0.2  116 5 119 1 153 3 1.8  105 2 112 0 102 1 3.4 
PCB 114  119 9 0.3  113 4 111 2 144 1 1.5  97 3 101 1 100 2 3.6 
PCB 153  125 8 0.2  109 5 111 2 144 4 0.8  100 1 102 0 102 1 0.7 
PCB 105  106 5 0.3  101 2 105 3 119 3 1.7  93 0 98 3 99 1 1.1 
PCB 138  108 5 0.1  97 3 102 3 111 3 1.0  90 2 93 1 94 1 1.5 
PCB 126  109 6 0.3  118 2 111 3 129 2 1.4  96 3 105 4 105 4 2.1 
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PCB 187  106 5 0.3  95 3 105 3 118 4 0.8  96 2 98 2 104 2 0.6 
PCB 128  107 5 0.3  110 4 109 2 120 2 1.4  92 1 98 3 99 2 1.5 
PCB 167  107 6 0.2  115 2 112 3 121 1 0.8  98 7 102 3 102 2 1.1 
PCB 156  106 6 0.1  114 4 114 4 123 3 0.8  93 2 99 4 101 4 1.8 
PCB 157  104 9 0.1  111 2 107 2 117 2 0.8  91 2 98 4 97 2 1.7 
PCB 180  100 4 0.3  87 2 101 3 98 3 1.1  83 3 91 1 91 1 0.6 
PCB 169  106 7 0.4  103 3 104 3 98 3 0.9  81 4 91 2 92 1 0.8 
PCB 170  100 5 0.2  94 1 97 3 97 1 0.7  85 2 91 0 92 1 0.8 
PCB 189  92 6 0.1  95 4 94 2 95 3 0.4  82 2 91 1 88 3 0.7 
PCB 195  89 5 0.2  83 3 84 3 85 2 0.9  74 4 78 3 77 2 0.5 
PCB 206  107 5 0.2  108 2 113 2 100 1 0.5  99 4 112 4 111 3 0.6 
PCB 209  101 4 0.1  90 2 111 1 94 3 0.4  86 5 95 1 98 2 0.4 
                     
1,3,5-
TriBBz* 
 52 8 0.0  21 18 22 26 13 17 0.2   29 16 37 17 36 24 0.2  
1,2,4,5-
TeBBz* 
 69 6 0.1  46 6 47 15 45 10 0.5   62 8 70 14 70 15 0.2  
TBECH  86 5 0.5  94 5 92 3 93 6 2.8   71 2 74 11 81 4 0.7  
BCPS  99 4 3.1  83 4 91 6 86 2 7.5   82 2 83 3 82 1 4.2  
PBT  119 5 0.5  90 7 100 2 85 5 5.5   105 4 105 6 109 4 0.5  
PBEB  110 6 0.9  96 8 104 17 90 6 4.6   87 2 89 4 93 3 2.8  
HxBBz  98 9 1.6  94 7 103 5 102 4 6.8   119 6 117 6 118 5 5.7  
PBB153  100 10 1.1  73 4 89 8 77 4 3.7   88 11 90 9 104 5 2.9  
BDE 28  97 7 0.6  88 5 96 3 86 3 1.1   92 4 93 2 94 2 2.4  
BDE-47  96 2 0.4  92 2 114 4 94 4 1.9   78 4 81 2 86 1 2.1  
BDE-100  87 2 0.6  84 2 105 5 85 1 1.7   93 5 93 1 94 3 1.2  
BDE-99  86 4 0.8  91 2 102 5 90 3 2.1   86 9 82 7 87 4 1.7  
BDE-154  93 13 1.8  74 12 91 5 71 5 3.2   81 12 80 4 85 5 2.8  
BDE-153  99 12 5.5  97 4 107 12 94 6 5.0   92 4 98 8 104 6 8.0  
BDE-183  84 11 3.3  113 5 119 9 100 14 15.3   79 16 71 3 78 13 17.2  
BTBPE  81 12 7.9  124 4 104 6 106 8 12.9   81 9 85 3 89 13 8.7  
syn-DP  94 12 0.4  83 4 94 5 81 7 0.5   88 4 93 5 93 6 0.5  
anti-DP  89 12 0.3  78 4 93 5 75 9 0.4   78 4 87 3 88 5 0.4  
Note: 
a 
spiking amount of each native compound was 2.5 ng, except for musk xylene (6.25 ng) and endosulfan I & II (5 ng each); 
b
 Spiking amount of each native 
compound was 0.5 ng, except for musk xylene (1.25 ng) and endosulfan I & II (1.0 ng each); RR: relative recovery; RSD, relative standard deviation; MDL: 



























Figure 2.2. Occurrence and concentrations of legacy POPs and emerging 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.3.3. Application to real samples 
 
Measured concentrations of the target legacy POPs and emerging contaminants in 
seawater at the four sampling locations, Johor Strait (S1), Jurong Island (S2), East 
Coast (S3) and Pasir Ris (S4), are summarized in Appendix10. Detectable 
compounds included several PCB congeners, OCPs, chlorobenzenes, synthetic 
musks and halogenated flame retardants, as well as methyl triclosan. In general, 
concentrations (pg/L) of legacy POPs and emerging contaminants were higher in 
the dissolved phase (filtrate) compared those in the particulate phase (suspended 
sediment) (Fig 2.1 & Appendix 10). 
 
Legacy POPs (PCBs, OCPs, chlorobenzenes) were included in this method, as 
these organochlorine compounds are highly persistent and still remain potentially 
hazardous environmental contaminants, worldwide. In the present study, several 
PCB congeners and OCPs were detected Singapore’s coastal waters. The 
dominant PCB congeners detected in seawater were the di-ortho substituted 
typical of historical Aroclor mixtures (PCBs 28, 52, 138, 153 and 180). 
Concentrations of individual PCB congeners ranged between approximately 2 and 
20 pg/L. In some cases, dioxin-like PCBs (DL-PCBs) were detected in seawater, 
but at relatively low concentrations. For example, non-ortho substituted PCBs 
(PCB 77, 126, and 169) were detected in the dissolved phase of samples collected 
from the East Coast (S3) site, at concentrations of approximately 3 pg/L. Mono-
ortho substituted PCBs (105, 118, 156, 157, 167 and 189) were detected in 
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seawater samples at similarly low concentrations. ∑PCBs (sum of 28 congeners) 
in seawater (dissolved + particulate phases) ranged between 9.2 and 151 pg/L, 
which is lower than previously reported for these waters [80, 115]. 
 
The primary chlorobenzenes and OCPs detected in seawater included HxCBz, α-
HCH, β-HCH, γ-HCH, heptachlor, heptachlor epoxide, α-chlordane, γ-chlordane, 
4,4ʹ DDE, 4,4ʹ DDD and endosulfan sulfate (Appendix 10). Previous reports by 
Wurl and Obbard [80] suggested that inputs of DDT to Singapore’s coastal waters 
were still occurring in 2005. In contrast, the data from the present study (2012) 
indicates no substantial inputs of DDT, as 4, 4’-DDT residues were not observed 
(< 1.8 pg/L). While residues of the pesticide endosulfan were not detectable in 
seawater samples, appreciable levels of the primary metabolite (endosulfan 
sulfate) were frequently observed, with mean dissolved phase concentrations 
ranging between 30.9 and 610 pg/L. 
 
There were still limited data on the occurrence of synthetic musks in coastal 
waters. In this study, several synthetic musk compounds were detected in 
Singapore’s seawater samples, including celestolide, phantolide, traesolide, 
galaxolide, tonalide, musk ambrette, musk xylene, musk ketone. The polycyclic 
musks, galaxolide and tonalide, typically exhibited the highest concentrations 
among musk compounds, with total concentrations (dissolved + particulate 
phases) ranging from 1730 to 23,300 pg/L and 270 to 1,950 pg/L, respectively, 
which were in the same order as in Mediterranean sea (galaxolide<2 ng/L and 
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tonalide<1 ng/L) and higher than the levels in the North Sea (median 
concentration: galaxolide 59 pg/L, tonalide 23 pg/L) [57, 151]. Musk ketone was 
the dominant nitro-aromatic musk compound detected, with concentrations 
ranging between 170 and 1,260 pg/L.  
 
Methyl triclosan (MTCS) residue was ubiquitous, detected in both dissolved and 
particulate phases in all samples. Mean total concentrations of MTCS ranged 
between 19.7 and 220 pg/L. The observation of MTCS, a degradation product of 
triclosan, is consistent with a recent study showing frequent detection of this 
common antibacterial agent in Singapore’s marine environment [164]. The data 
regarding occurrence of methyl triclosan in seawater were limited. There was one 
study that investigated the occurrence of PPCPs in Antarctic coastal waters, but 
the methyl triclosan was generally not detected or had concentrations below 200 
pg L -1, showing similar range as in our study [165]. 
 
For halogenated flame retardants, HxBBz, syn-DP and anti-DP were frequently 
detected, primarily in the particulate phase. BDE-47, BDE-99, 1,3,5-TrBBz and 
1,2,4,5-TeBBz and BTBPE were only occasionally detected. Residues of PBT, 
PBEB and BCPS were observed in seawater extracts, but were not significantly 
different than those observed in procedural blanks, hence were below MDL (i.e. <  
3× SD blank). HxBBz was observed at total concentrations between 1.7 and 978 
pg/L, which were much higher than the concentrations in the North Sea, the 
Arctic Sea and East China Sea (<0.1  pg L -1) [40, 163, 166]. The total 
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concentrations of syn-DP and anti-DP were between 7.5 and 23.9 pg/L, which 
were comparable with concentrations in seawater from North Sea, Arctic Sea and 
Antarctica Sea [52, 166], but were much lower than concentrations in seawater 
from Bohai Sea and Huanghai Sea (0.54 – 1.2 ng L-1) [49]. 
 
2.4 Conclusions  
 
The developed multi-residue analytical method is highly selective and sensitive, 
with method detection limits (MDLs) in the low parts per quadrillion (ppq) range. 
The method was successfully applied for unambiguous detection of recalcitrant 
organochlorines (i.e. legacy POPs), as well as several current-use emerging 
contaminants, including nitro-aromatic and polycyclic musks, bromobenzenes, 
dechlorane plus isomer (syn-DP, anti-DP) and methyl triclosan in Singapore’s 
coastal waters. To our knowledge this is the first report of these compounds in 
Singapore or Southeast Asia. The polycyclic musk, galaxolide, typically exhibited 
the highest concentration in seawater (1-20 ng/L range), several orders of 
magnitude above concentrations observed for legacy POPs, which were generally 
detected at concentrations below 50 pg/L. The developed method will be useful 
for future environmental monitoring initiatives, as well as investigations to assess 
the fate, bioavailability and exposure risks of these potentially hazardous organic 
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Despite strong regulatory action to eliminate or control emissions of persistent 
organic pollutants (POPs), polychlorinated biphenyls (PCBs) and organochlorine 
pesticides (OCPs) remain ubiquitous environmental contaminants, worldwide 
[139, 140, 167, 168]. In recent years, other emerging contaminants have received 
increasing attention, including halogenated flame retardants (HFRs) such as 
polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCD), 
and dechlorane plus (DP), as well as synthetic musks (galaxolide, tonalide, musk 
ketone, musk xylene) and the antibacterial agent, triclosan [44, 57, 68, 71, 72, 
141, 143]. Robust multiresidue analytical methods for accurate determination of 
potentially hazardous emerging contaminants in bottom sediments and organisms 
are essential for effective monitoring of environmental quality, as well as 
ecological and human health risk assessment.  
 
Trace residue analysis of organic contaminants in marine sediments and biota is 
challenging due to the high degree of matrix interference (e.g., natural organic 
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matter and lipids). Previously methods have employed ultrasound assisted 
extraction (UAE), accelerated solvent extraction (ASE), soxhlet extraction and 
microwave-assisted extraction (MAE) [68, 89-96]. Gel permeation 
chromatography (GPC) [97, 99], florisil chromatography [97, 98] and silica 
chromatography [90, 99] have been used as post-extraction clean-up steps to 
remove co-extractive interferences prior to instrumental analysis.  
 
Gas chromatography with electron capture detection or single quadrupole electron 
ionization mass spectrometry (GC-MS) has been most commonly used for 
analysis of semivolatile organic contaminants in environmental and biological 
samples. Gas chromatography-triple quadrupole mass spectrometry (GC-MS/MS) 
is increasingly being employed, as quantification in multiple reaction monitoring 
(MRM) mode can provide enhanced selectivity and sensitivity, with reduced 
matrix interference and increased signal to noise ratios [102-105]. 
 
In some cases, liquid chromatography (LC) based systems have been employed. 
For example, the brominated flame retardant, HBCD, is more LC-amenable due 
to thermal rearrangement of HBCD isomers at temperature above 160 oC [169, 
170]. Liquid chromatography-triple quadrupole mass spectrometry (LC-MS/MS) 
has previously been employed for trace analysis of HBCDs (α-, β-, γ-), 
tetrabromobisphenol A (TBBPA) and triclosan (TCS) in environmental and 




The objectives of the present study were twofold, including (i) develop and 
validate a multi-residue analytical method involving co-extraction and parallel 
analysis of legacy POPs and several emerging contaminants (90 target analytes) in 
marine sediments and biota and (ii) quantify concentrations of legacy POPs and 
emerging contaminants in Singapore’s marine environment . The method was 
optimized and evaluated through a series of laboratory experiments and further 
tested by analysing field collected sediment and biota samples from Singapore’s 
marine environment. 
 
3.2 Materials and methods 
 
3.2.1 Chemicals and materials 
 
A list of the target analytes (89 compounds) is shown in Appendix 11. 
Commercially available solutions of 22 chlorinated pesticides, 28 PCBs, 8 
PBDEs, as well as PBB 153 were purchased from AccuStandard (New Haven, 
CT, USA). Chlorobenzenes were purchased from AccuStandard (New Haven, CT, 
USA). PBEB, HxBBz, anti-DP, and syn-DP; α-HBCD, β-HBCD, γ-HBCD, 
BTBPE and triclosan were purchased from Wellington Laboratories (Ontario, 
Canada). Musk ketone was purchased from SAFC, Sigma (St Louis, MO, USA). 
Musk xylene and all other synthetic musks, as well as MTCS were purchased 
from Dr. Ehrenstorfer GmbH (Augsburg, Germany). 1,2,4,5-tetrabromobenzene 
and the technical mixture of TBECH isomers were purchased from Sigma (St 
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Louis, MO, USA). 1,3,5-tribromobenzene and PBT were purchased from Tokyo 
Chemical Industry (Tokyo, Japan) and Acros Organics (New Jersey, USA), 
respectively.  
 
Stable-isotope labeled compounds, carbon-13 (13Cx) or deuterium (dx), were 
purchased for use as internal surrogate standards (IS) or injection recovery 
standards (RS) (Appendix 11). Musk xylene-d15, tonalide-d3, 
13C6-α-HCH and 
13C6-γ-HCH, were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). 
A mixture of seven 13C12-PCBs, 
13C6-1,2,3,4-TeCBz, 
13C6-HxCBz, and 1,2,4-






and 13C12-MTCS were purchased from Wellington Laboratories (Ontario, 
Canada). 4-n-Nonylphenol-2, 3, 5, 6-d4-OD was purchased from C/D/N Isotopes 
(Pointe-Claire, Quebec, Canada). 
 
Solvents used for sample pretreatment were HPLC grade, including 
dichloromethane (DCM), methanol, hexane and isooctane (Fisher Scientific, UK) 
and ethyl ether (TEDIA, USA). Solvents used as LC mobile phase were LC-MS 
grade, including acetonitrile from (Fisher Scientific, UK) and methanol (Sigma, 
St Louis, MO, USA). Granular anhydrous sodium sulfate, florisil (60-100 mesh) 
and silica cartridge (SUPELCO LC-Si, 500 mg) were purchased from Sigma (St 
Louis, MO, USA). Bio-Bead used for gel permeation chromatography (GPC) 
cleanup was from Bio-Rad (Hercules, CA, USA). PTFE syringe filter (pore size 
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0.2 um, diameter 13 mm) was from Agilent (Palo Alto, CA, USA). Standard 
reference material (SRM 1944) was purchased from the National Institute of 
Standards and Technology, NIST (Gaithersburg, MD, USA).  
 
3.2.2 Marine sediment and biota samples  
 
Marine sediment and biota samples were collected from two representative 
coastal locations around Singapore, including an off-shore site (East Coast Sea) 
and a near-shore mangrove site (Mandai mangrove) (Figure 3.1). At the mangrove 
site, the active sediment layer (top 10 cm) was collected using solvent-rinsed 
spatulas during low tide. For the off-shore site, sediment active layer (top 10 cm) 
was obtained using a petit ponar grab sampler on boat. Water depth ranged 
between 14 and 20 m. All sediment samples were stored in solvent-rinsed glass 
jars at -20 oC prior to analysis.  
 
 









Field collected fish species included marine catfish (Ariidae sp.) and grunter 
(Pomadasys sp.), which were obtained during off-shore field sampling surveys 
along Singapore’s East coast by line-fishing. Sea bass (Lates calcarifer), used for 
method development only, was purchased from a local fish market. Polychaete 
worms (Diopatra neapolitana, Capitella sp.) and clams (Marcia marmorata) were 
collected from Mandai mangrove at low tide. Field collected worms were initially 
stored in fresh water and allowed to depurate gut contents prior to processing. 
Tissue from the various organisms were excised separately using solvent-rinsed 
blades. All samples were stored in solvent-rinsed glass jars at -20 oC prior to 
analysis.  
 
3.2.3 Sample extraction and cleanup  
 
A schematic illustration showing the various steps involved with extraction and 
processing of biota and sediment samples is shown in Figure 3.2. Biota sample (5-
10 g) was homogenized with sodium sulfate (baked at 300 oC prior to use) with 
mortar and pestle. Homogenate was transferred to 125 mL glass jars, spiked with 
2.5 ng internal surrogate standards (5 ng for musk xylene-d15, and 50 ng for 
13C12-
triclosan, 13C12-TBBPA, and 
13C12-γ-HBCD), along with 50 mL of hexane: DCM 
(1:1, v/v). Extraction was performed using an ultrasonic water bath, with 50 mL 
hexane: DCM (1:1, v/v) for 15 min, repeated three times. Sequential extracts were 
combined and concentrated using rotary evaporation. GPC (Bio-Beads, 45 g per 
column) was used to remove lipids. For the GCP column, hexane: DCM (1:1, v/v) 
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was used as the eluent solvent. Lipids were eluted in the first fraction (90 ml). 
Target analytes were eluted in the second fraction (160 ml). An additional 250 mL 
of eluent solvent was used to rinse the GPC columns between samples.  Post-GPC 
extract was split into two fractions: 75% for GC-MS/MS analysis and 25% for 
LC-MS/MS analysis. The fraction for GC-MS/MS analysis was further cleaned 
up by deactivated florisil chromatography (8 g florisil, 1.5% H2O by weight), with 
160 mL hexane: DCM (1:1, v/v) as eluent solvent. After concentration via rotary 
evaporation, the extract was solvent exchanged to isooctane, further concentrated 
under a gentle stream of nitrogen gas to near dryness, then spiked with internal 
injection standards (13C12-PCB 111 and 
13C12-BDE 77). The fraction of biota 
sample for LC-MS/MS analysis was solvent exchanged to methanol, filtered 
through a 0.2 µm PTFE syringe filter, then spiked with internal injection standard 
(NP-d5).  
 
Sediment sample (5-10 g) was first homogenized with sodium sulfate. Prior to 
extraction, internal surrogate standards and 3 g acid activated copper powder 
(used to remove elemental sulfur) were added to the extraction vessel. The 
fraction of sediment extract for LC- MS/MS analysis was further cleaned up via 
solid phase extraction (SPE). Silica SPE cartridges were sequentially 
preconditioned with 10 mL DCM and 10 mL hexane. The sample was loaded onto 
the cartridge in hexane, after which the cartridge was rinsed with 10 mL hexane. 
Cartridges were then eluted with 10 mL ethyl ether: hexane (20:80, v/v). After 
solvent exchanged into methanol, the eluent was filtered through a 0.2 µm PTFE 
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syringe filter. Recovery standard (NP-d5) was spiked prior to analysis.  
 
3.2.4 Identification and quantification of target analytes 
 
3.2.4.1 GC-MS/MS  
 
GC-MS/MS analysis was performed on Agilent 7890A GC with 7000B triple 
quadrupole mass spectrometry (Palo Alto, CA, USA). The mass spectrometry was 
operated in MRM mode. Helium gas (>99.999%) was used as carrier gas and 
quench gas, while nitrogen gas (>99.999%) was used as collision gas. The flow 
rate of collision and quench gas was 1.5 mL/min and 2.25 mL/min, respectively.  
 
Two separate chromatographic runs were employed to effectively separate all the 
GC-amenable target compounds, including (i) a DB-5MS column (60 m×0.25 mm 
i.d. ×0.10 µm, Agilent) for PCBs, OCPs, synthetic musks and methyl triclosan (ii) 
a HT-5MS column (15 m×0.25 mm i.d. ×0.10 µm, Agilent) for flame retardants, 
4,4’ DDT and methoxychlor. Injection volume was 1 µL. The same GC method as 
seawater analysis was applied, details regarding GC oven temperature program 




             
 
 
             
 
Figure 3.2. Flow chart illustrating sample extraction and cleanup procedures for (A) 





Two MRM transitions were used to identify each of the target analytes (Tables 2.1 
& 2.2). Isotope dilution using relative response factors (RRFs) of target analytes 
relative to surrogate internal standards was used for quantification. Corresponding 
internal surrogate standards for the various target analytes are shown in Appendix 
11. The linear range of calibration standards used for GC-MS/MS analysis was 
between 1 pg/µL to 200 pg/µL, except for endosulfan I and endosulfan II (2 to 
400 pg/µL), musk xylene, BDE 183, HxBBz and BTBPE (5 to 200 pg/µL). MDL 
was determined as a response giving a signal to noise ratio of 5 in sample matrix. 
The noise was determined through root mean square (RMS) of height in the noise 
region.  
 
3.2.4.2 LC-MS/MS  
 
LC-MS/MS analysis was performed using an Agilent 1290 Infinity LC with 6490 
triple quadrupole mass spectrometry (Palo Alto, CA, USA). Target analytes were 
analyzed in ESI negative mode. The mass spectrometry was operated in MRM 
mode. Separation of analytes was accomplished using a ZORBAX Eclipse Plus 
C18 column (Rapid Resolution High Definition, 2.1 × 100 mm, 1.8 micro, Agilent 
Technologies). A binary gradient consisting of MilliQ water (Mobile Phase A) and 
acetonitrile: methanol (30:70, v/v) (Mobile Phase B) at a flow rate of 0.4 ml/min 
was used. The gradient was as follows: 70% B increased to 80% in 4 minutes, to 
88% in 5 minutes, to 100% in 0.1 minutes and kept for 4.9 minutes, decreased to 
70% in 0.1 minutes and kept for 5.9 minutes. Injection volume was 3 µL and the 
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total run time was 20 minutes.  
 
Two MRM transitions were used to identify target analytes (Table 3.1). Isotope 
dilution method was used for quantification. The linear range of calibration 
standards for LC- MS/MS analysis was between 0.20 pg/µL and 200 pg/µL for all 
the target analytes. MDL was determined as a response giving a signal to noise 
ratio of 5 in sample matrix.  
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Table 3.1. LC-MS/MS method parameters for analysis of target analytes 




















1 3.998 Triclosan 289.6 288.9>35 25 12  286.9>35 25 12 
 3.997 13C12-Triclosan 301.6 300.9>35 25 12  298.9>35 25 12 
 4.232 TBBPA 543.9 542.8>79 100 62  540.8>79 100 66 
 4.236 13C12-TBBPA 555.9 554.8>79 50 62  552.8>79 50 66 
           
2 6.978 α-HBCD 641.7 640.6>79 50 14  638.6>79 50 14 
 7.417 NP-d5 (RS) 225.4 223.1>109.9 200 20  - - - 
 7.800 β-HBCD 641.7 640.6>79 50 14  638.6>79 50 14 
 8.650 ɣ-HBCD 641.7 640.6>79 50 14  638.6>79 50 14 
 8.641 13C12-ɣ-HBCD 653.7 652.6>79 50 14  650.6>79 50 14 
Note: Fragmentor is 380 and cell accelerator voltage is 5 for all target analytes. 
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3.2.5 Method performance assessment  
 
The method performance was assessed by evaluation of the linearity response 
(RRFs), absolute recovery (AR, %), relative recovery (RR, %) and method 
detection limit (MDL) of the various target analytes. Also, a commercially 
available standard reference material (marine sediment SRM 1944) was analysed 
to assess quantitative accuracy. Spike-recovery experiments involved spiking 
sediment (10 g wet wt.) and biota (10 g wet wt.) with target analytes at two 
environmentally relevant concentrations. For native compounds, the spiking 
levels were 0.05 ng/g ww (0.5 ng in 10 g) and 0.25 ng/g ww (2.5 ng in 10 g), 
except for musk xylene (0.13 and 0.6 ng/g ww) and endosulfan I and II (0.1 and 
0.5 ng/g ww). Similarly internal surrogate standards were spiked at 0.25 ng/g ww 
(2.5 ng in 10 g), except musk xylene-d15, which was 0.5 ng/g ww (5 ng in 10 g). 
Details regarding the quality assurance/quality control (QA/QC) protocols 
employed are provided in Section 2.2.4.2. 
 
To assess matrix effects for LC-ESI-MS/MS compounds, a series of standard 
addition experiments were conducted. Following GPC cleanup and filtration, 
biota extracts were spiked at 5 different levels, corresponding to concentration 
levels in calibration standards (CS2 to CS6). Similarly, following Si-SPE cleanup 
and filtration sediment extracts were spiked, also at levels corresponding to CS2 
to CS6. The linear responses of each target analyte were established according to 
external calibration, as well as via isotope dilution. The matrix effect (ME, %) 
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was determined as the ratio between linear responses in sample matrix and pure 
solvent. 
 
3.3 Results and discussion 
 
3.3.1 GC-MS/MS method development  
 
Detailed information regarding the retention time, MRM transition, dwell time, 
and collision energy for the GC-MS/MS compounds is shown in Tables 2.1 & 2.2. 
To minimize on-column degradation, DDT and methoxychlor were analyzed 
together with BFRs and CFRs on the 15 m DB-5HT column. To maximize the 
sensitivity and obtain sufficient data points for good peak shape, twenty-three 
time segments for 60 m column analysis and thirteen time segments for 15 m 
column analysis were applied [85, 102].  
 
3.3.2 LC-MS/MS method development 
 
Detailed information regarding the retention time, MRM transition, dwell time, 
and collision energy for LC-MS/MS compounds is shown in Table 3.1. Two LC 
columns were tested, including a ZORBAX Eclipse Plus C18 columns (2.1 × 100 
mm, particle size 3.5 µm) and a ZORBAX Rapid Resolution High Definition 
column (RRHD 2.1 × 100 mm, particle size 1.8 µm). The RRHD column was 
selected as it provided sharper peak resolution (Appendix 12). We observed that 
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injection volume of 10 µL resulted in a split peak for TBBPA using the RRHD 




Table 3.2. Relative recovery (RR, %) and method detection limits (MDL, pg/g ww in fish and pg/g dw in sediment) for target analytes in 
sediment and biota samples. RSD represents relative standard deviation of replicate analyses.  
Target 
Analyte 
 Sea bass Grunter MDL, 
pg/g 
ww 
 Sediment Batch 1 
 




dw  2.5 ng a, n=4 10 ng b, n=4 2.5 ng a, n=4 10 ng b, n=4  2.5 ng a, n=4 10 ng b, n=4 2.5 ng a, n=4 10 ng b, n=4 
 RR RSD RR RSD RR RSD RR RSD  RR RSD RR RSD RR RSD RR RSD 
                     
Celestolide  97 4 105 6 103 4 113 2 1.9  81 35 86 8 98 6 98 5 18.3 
Phantolide  91 4 100 6 112 6 119 2 1.7  86 12 77 3 111 7 115 7 41.5 
Traesolide  101 5 110 5 107 5 114 4 1.7  - - 87 14 105 10 109 7 42.0 
Galaxolide  - - 107 8 87 8 118 2 0.3  - - - - 106 9 110 9 2.2 
Tonalide  95 5 93 6 84 7 102 4 5.7  - - - - 111 9 106 4 22.7 
Musk xylene  106 8 96 8 84 6 79 4 22.0  99 16 93 13 112 9 109 5 33.0 
Musk ambrette  89 5 86 13 101 3 101 5 13.5  113 11 90 14 111 8 106 6 7.7 
Musk moskene  110 7 98 7 86 4 88 4 9.6  102 7 98 12 117 7 120 4 9.6 
Musk tibetene  98 10 107 4 109 10 121 5 3.6  105 2 115 5 98 11 103 13 4.5 
Musk ketone  95 8 98 11 109 6 128 3 4.8  112 6 120 6 105 14 106 15 6.1 
                                     
1,3,5-TrCBz*  78 4 67 6 84 4 70 12 0.2  87 1 82 2 73 1 70 4 1.0 




 94 2 88 3 91 4 84 3 0.2  89 2 88 2 95 2 89 2 0.6 
1,2,3,4-
TeCzB* 
 109 5 101 2 102 3 95 3 0.4  92 4 89 1 101 1 94 0 0.5 
PeCBz*  82 5 80 6 94 5 83 3 0.1  108 1 104 3 83 4 72 1 0.1 
HxCBz*  97 6 96 6 99 1 93 1 0.2  92 4 88 3 102 1 94 1 0.3 
α-HCH  104 4 113 1 103 2 104 1 0.5  98 3 104 3 102 3 107 1 1.1 
β-BHC  100 5 106 7 95 3 92 2 1.5  95 3 102 3 117 3 122 1 1.4 
γ-BHC  99 4 98 2 91 4 91 1 1.1  93 5 100 2 104 2 110 1 1.0 
δ-BHC  101 5 99 7 97 2 98 2 3.0  93 6 97 5 116 4 126 2 2.0 
Heptachlor  108 3 111 3 116 3 121 1 1.3  112 6 119 2 89 6 96 3 0.3 
Heptachlor -
epoxide 
 88 7 90 2 102 3 100 1 0.5  105 9 100 5 77 2 78 1 0.5 
Aldrin  105 7 108 3 91 3 90 3 2.2  37 8 36 5 90 4 96 8 8.7 
α-Chlordane  86 11 86 3 88 4 90 2 0.9  91 14 94 5 88 4 90 5 2.3 
γ-Chlordane  95 5 91 4 98 4 97 3 1.0  91 11 94 1 91 3 90 5 2.0 
α-Endosulfan  115 8 111 5 90 6 86 2 2.5  86 8 89 3 112 2 120 3 4.8 
β-Endosulfan  101 5 100 9 93 24 90 7 4.0  105 11 91 5 109 2 108 2 72.7 




cis-Nonachlor  92 7 97 4 99 7 89 2 2.2  103 5 101 4 83 4 84 3 1.6 
4,4'--DDE  - - 111 6 94 3 98 1 0.2  86 4 101 4 85 1 89 3 1.5 
4,4'--DDD  104 5 104 3 109 0 111 1 1.2  107 5 122 5 105 4 116 7 7.0 
4,4'--DDT  109 11 100 10 76 8 76 3 1.6  86 9 77 11 100 10 130 4 34.7 
Dieldrin  91 6 88 1 113 4 103 3 2.4  93 12 94 6 96 3 98 4 3.2 
Endrin  126 4 124 6 114 3 107 1 7.7  91 14 102 4 70 4 71 3 46.3 
Endrin- 
aldehyde 
 89 10 99 9 112 10 98 4 10.1  93 6 84 7 79 3 77 4 25.1 
Endrin ketone  106 4 105 7 92 1 91 4 15.6  94 5 93 3 108 13 117 3 8.0 
Endosulfan-
sulfate 
 107 7 109 3 130 2 119 1 1.8  103 5 99 4 119 3 119 6 1.4 
Methoxychlor  91 8 105 9 90 9 74 7 22.8  90 7 79 9 103 7 112 4 57.1 
Methyl- 
triclosan 
 100 3 103 1 96 5 97 1 0.3  85 9 100 4 98 1 103 3 0.3 
                                     
PCB 8  96 2 104 5 89 3 95 2 0.2  96 2 103 1 83 1 83 0 0.3 
PCB 18  100 2 104 2 96 3 99 2 0.2  98 2 103 1 84 1 85 1 0.8 
PCB 28  104 2 109 0 102 1 107 2 0.2  97 3 105 1 105 2 107 0 1.0 
PCB 52  100 2 102 2 106 4 107 1 0.2  97 2 104 3 107 4 112 1 0.3 
PCB 44  104 3 109 2 111 4 112 1 0.3  98 4 106 3 111 1 118 1 0.7 
PCB 66  111 5 113 3 110 2 112 4 1.3  105 6 110 3 112 2 115 2 0.7 
PCB 101  111 4 106 4 102 6 104 4 0.5  90 6 96 5 108 10 103 3 0.8 
PCB 81  112 6 117 3 114 3 116 5 0.3  110 4 114 3 107 1 111 2 1.5 
PCB 77  104 3 107 1 102 5 109 2 0.7  107 0 118 2 112 1 119 2 3.5 
PCB 123  102 3 105 1 106 4 111 2 0.3  102 2 112 1 112 2 119 1 2.6 
PCB 118  106 5 101 2 108 4 111 2 0.3  98 4 109 2 119 4 124 2 2.5 
PCB 114  92 4 96 2 110 4 114 2 0.5  99 4 109 3 114 2 120 2 2.5 
PCB 153  117 11 105 2 99 8 105 1 0.4  95 3 106 3 137 19 119 2 1.1 
PCB 105  103 5 109 2 104 3 105 2 0.9  99 1 105 1 104 2 107 2 1.6 
PCB 138  113 12 107 3 100 6 99 3 0.3  97 4 103 1 113 2 110 3 0.6 
PCB 126  110 4 118 2 118 2 118 2 3.9  108 2 117 1 109 3 112 2 1.5 
PCB 187  102 10 101 3 94 3 94 2 0.2  94 3 97 1 108 3 107 2 0.7 
PCB 128  102 4 106 4 102 3 102 2 0.3  100 2 106 1 107 5 107 2 1.4 
PCB 167  112 5 118 4 106 3 105 2 0.3  105 2 108 1 111 2 114 3 1.0 
PCB 156  113 5 122 3 111 3 112 2 0.7  107 2 112 1 111 4 114 3 1.0 
PCB 157  113 5 121 3 111 2 111 3 0.7  99 4 104 1 102 3 107 2 1.1 
PCB 180  111 6 108 3 101 3 105 2 0.3  94 4 101 1 108 7 103 1 1.5 
PCB 169  105 4 113 3 108 2 114 3 2.7  104 6 112 2 104 1 107 2 1.1 
PCB 170  102 4 103 4 104 2 109 2 0.3  96 4 106 2 103 5 101 2 0.8 
PCB 189  101 3 111 3 107 2 112 2 0.4  99 5 105 2 96 2 100 2 0.4 
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PCB 195  92 5 98 4 102 2 105 3 0.2  92 3 101 2 91 1 92 2 0.5 
PCB 206  105 2 113 4 106 4 113 5 0.2  102 4 107 4 119 10 113 3 0.6 
PCB 209  98 3 106 2 96 3 100 3 0.2  92 4 101 3 104 2 109 3 0.3 
                     
1,3,5-TrBBz*  44 8 48 16 41 8 40 4 0.1  49 4 52 9 31 11 32 6 0.1 
1,2,4,5-
TeBBz* 
 68 4 75 6 72 5 72 4 0.3  73 4 72 7 102 8 99 7 1.0 
TBECH  87 7 88 4 97 4 97 3 0.6  112 2 113 4 102 3 118 5 3.4 
PBT  104 3 113 4 96 5 92 6 0.1  95 7 89 9 90 10 96 9 3.8 
PBEB  105 6 116 2 91 4 87 4 1.4  86 5 85 5 78 10 82 9 4.1 
HxBBz  93 2 103 2 91 3 89 6 2.7  89 11 86 4 105 10 100 9 6.9 
PBB153  82 6 86 7 83 12 82 3 0.7  89 11 81 7 98 11 89 9 5.1 
BDE 28  89 4 92 2 93 2 94 1 0.4  91 3 94 4 78 2 88 5 1.7 
BDE-47  107 6 101 2 103 3 103 1 1.0  98 1 105 3 99 2 105 3 0.4 
BDE-100  92 5 88 3 99 3 101 3 0.9  102 2 103 3 94 1 97 3 4.9 
BDE-99  98 3 94 3 101 3 102 1 1.1  104 2 103 4 106 4 105 4 6.2 
BDE-154  78 10 88 6 78 12 84 4 0.9  88 6 84 7 90 4 88 8 5.7 
BDE-153  92 10 102 8 88 12 91 6 0.6  92 12 88 7 102 12 89 8 10.9 
BDE-183  85 5 97 12 107 9 113 6 4.2  99 13 122 7 117 8 106 7 2.7 
BTBPE  100 2 119 8 94 8 108 7 5.0  102 11 103 5 101 11 97 13 33.8 
syn-DP  96 3 113 8 92 5 99 5 0.2  105 7 106 4 103 7 101 9 1.2 
anti-DP  93 2 111 8 89 5 97 6 0.2  96 7 107 3 98 6 105 9 1.1 
                     
Triclosan  117 2 115 3 - - - - 2.3  - - 117 13 - - - - 6.2 
TBBPA  97 2 95 2 - - - - 6.9  98 10 100 1 - - - - 2.5 
α-HBCD  101 5 93 3 - - - - 1.3  78 5 80 1 - - - - 2.4 
β-HBCD  88 6 88 2 - - - - 1.7  100 2 102 2 - - - - 1.5 
γ-HBCD  106 4 104 3 - - - - 2.4  106 2 112 2 - - - - 3.1 
a Spiking amount of each native compound was 2.5 ng, except for musk xylene (6.25 ng), endosulfan I & II (5.0 ng each) and LC compounds (triclosan, TBBPA, and HBCDs, 10 ng);  
b Spiking amount of each native compound was 10 ng, except for musk xylene (25 ng), endosulfan I & II (20 ng each) and LC compounds (triclosan, TBBPA, and HBCDs, 40 ng); RR: relative 
recovery; RSD, relative standard deviation; MDL: method detection limit; 1,3,5-TrCBz: 1,3,5-Trichlorobenzene; 1,2,4-TrCBz: 1,2,4-Triclorobenzene; 1,2,3,5 & 1,2,4,5-TeCBz: 1,2,3,5 & 1,2,4,5-







Table 3.3. Linearity and matrix effect (ME, %) of LC-MS/MS target analytes 
 
  Methanol  Tissue   Sediment   




Linearity, methanol r2 Linearity, Tissue r2 ME, % Linearity, Sediment r2 ME, % 
Triclosan 1-200 External a y=1176.5x+3959.5 0.9964 y =914.8x+3242.6 0.9960 78 y =1023.8x+33227 0.9942 87 
 1-200 Internal b y =0.9601x-0.0197 0.9996 y =0.9098x+0.0283 0.9979 95 y =0.9531x+0.4256 0.9986 99 
           
TBBPA 1-200 External a y =168.96x+106.98 0.9999 y =152.6x+40.705 1.0000 90 y =174.21x+98.649 1.0000 103 
 1-200 Internal b y =1.1922x+0.0031 0.9999 y =1.2215x+0.0007 1.0000 102 y =1.2078x+0.0133 0.9998 101 
           
α-HBCD 1-200 External a y =139.93x+368.59 0.9978 y =89.803x+46.259 0.9998 64 y =119.06x+144.31 0.9999 85 
 1-200 Internal b y =0.7848x-0.0074 0.9999 y =0.6839x+0.0165 0.9994 87 y =0.7125x-0.0081 0.9998 91 
           
β-HBCD 1-200 External a y =240.47x+564.14 0.9986 y =175.67x+264.68 0.9997 73 y =223.19x+413.91 0.9996 93 
 1-200 Internal b y =1.349x-0.0197 0.9996 y =1.3384x+0.0596 0.9971 99 y =1.3357x+0.0006 1.0000 99 
           
γ-HBCD 1-200 External a y =174.26x+478.86 0.9978 y =128.31x-13.774 0.9994 74 y =159.7x+402.98 0.9989 92 
 1-200 Internal b y =0.9775x-0.0074 0.9998 y =0.9769x+0.0113 0.9998 100 y =0.9559x+0.0118 0.9998 98 
a For external calibration method, y represents peak area for a given spiking level x (pg/µL).  
b For internal calibration method, isotopically labelled internal standards and relative response factors (RRFs) were used for quantification, where y represents quantified concentration (ppt) using 









3.3.3 Method performance 
 
Relative recoveries (RR, %) and MDLs of GC-MS/MS and LC-MS/MS 
compounds are provided in Table 3.2. Absolute recoveries (AR, %) of internal 
surrogate compounds are shown in Appendix 13. 
 
3.3.3.1 GC-MS/MS compounds 
 
3.3.3.1.1 Biota samples 
 
Triolein was used as a lipid surrogate for assessing the GPC elution profile and 
performance. Greater than 99% of the triolein was eluted in 90 ml hexane: DCM 
(1:1, v/v). Synthetic musks were the earliest eluting compounds, starting after the 
initial 90 ml hexane: DCM (1:1, v/v) lipid fraction. The GPC results indicated that 
250 ml hexane: DCM (1:1, v/v) can elute all the target analytes, with the first 90 
ml eluent containing the bulk lipids. 
  
Initially, we tried eluting target analytes on the 8 g deactivated florisil column, 
using 100 mL hexane: DCM (1:1, v/v), followed by 80 ml DCM. In many cases, 
white precipitate formed in the final extracts. Further investigation showed that 
even 30 ml DCM elution resulted in precipitate. We found that elution with 160 




For some compounds (PCB 101, PCB 153, methyl triclosan) in extracts of some 
organisms (polychaete worms, milkfish and catfish), we observed retention time 
shifts and/or distorted peaks. Dilution of extracts (5 to 10 times) was needed in 
some cases for quantification of some compounds (e.g., PCB101, PCB153 and 
methyl triclosan) due to co-extractive interference and distorted peaks.  
 
Relative recoveries (RR, %) of target analytes in sea bass and grunter batches 
were generally between 70% and 128%, except for the very volatile 1,3,5-
tribromobenzene, which exhibited  RR < 50% (Table 3.2). Analyte recoveries 
were reproducible between the two batches. It is important to note that no 
corresponding internal surrogate standard was available for 1,3,5-
tribromobenzene. For other volatile compounds included in this method (e.g., tri- 
and tetra-chlorobenzenes), utilizing the corresponding labelled internal surrogates 
(1,2,4 trichlorobenze-d3, 
13C6-1,2,3,4 tetrachlorobenzene), resulted in acceptable 
recovery (RR > 70%). Absolute recoveries of internal surrogate standards were all 
above 30%, except for 1,2,4-trichlorobenzene-d3, which was between 20-30% 
(Appendix 13). The low recovery of this surrogate is anticipated given the 
volatility of this compound.  
 
MDLs of musks, OCPs, and PCBs ranged from 0.3-22.0 pg/g wet weight (ww), 
0.1-22.8 pg/g ww and 0.2-3.9 pg/g ww, respectively. MDLs of BFRs ranged from 
0.1-5.0 pg/g ww. MDLs of both syn-DP and anti-DP were 0.2 pg/g ww. The MDL 
of methyl triclosan was 0.3 pg/g ww. 
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3.3.3.1.2 Sediment samples 
 
Activated copper powder was added to homogenized sediment sample to remove 
elemental sulfur, which otherwise may interfere with GC-MS analysis [171, 172]. 
After ultrasound assisted extraction, a deactivated florisil column (8 g, 1.5% H2O 
by weight) was used to further clean up extract.  As shown in Table 3.2, 
recoveries of target analytes in sediment were generally between 70% and 130%. 
Absolute recoveries of internal surrogate standards were similar to results 
observed for fish sample (Appendix 13). Recoveries of target analytes in the two 
batches were comparable, indicating good reproducibility. 
 
MDLs of musks, OCPs, and PCBs in sediment ranged from 2.2-41.5 pg/g dry 
weight (dw), 0.1-72.7 pg/g dw and 0.3-3.5 pg/g dw, respectively. MDLs of BFRs 
ranged from 0.1-33.8 pg/g dw. MDLs of syn-DP and anti-DP were 1.2 and 1.1 
pg/g dw, respectively. The MDL of methyl triclosan in sediment was 0.3 pg/g dw. 
 
3.3.3.2 LC-ESI-MS/MS compounds 
 
3.3.3.2.1 Biota samples  
 
Following GPC cleanup, the split fraction for LC-MS/MS analysis (25%) did not 
require further cleanup. This is consistent with previous studies showing that GPC 
alone is a sufficient cleanup step for these LC-amenable compounds [110, 133].  
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For biota, recoveries of triclosan, TBBPA and HBCD isomers ranged between 
88% and 117% and MDLs ranged between 1.3 and 6.9 pg/g ww (Table 3.2). 
 
3.3.3.2.2 Sediment samples  
 
Following extraction of sediment sample, split fractions (25%) were further 
purified using Si-SPE cartridges. We found that 10 mL ethyl ether: hexane (20:80, 
v/v) was the optimal elution volume. Recoveries of triclosan, TBBPA and HBCD 
isomers ranged between 80% and 117%. MDLs ranged between 1.5 and 6.2 pg/g 
dw (Table 3.2). 
 
3.3.3.2.3 Matrix effects  
 
Matrix effects (ME, %) for triclosan, TBBPA and HBCD isomers ranged between 
64% and 90% for fish tissue and between 85% and 103% for sediment, when 
using external calibration (Table 3.3). The results indicated the occurrence of 
moderate signal suppression for these compounds. When the isotope dilution 
method was used, the ME (%) ranged from 87% to 102% for fish tissue and 91% 
to 101% for sediment. This is consistent with other studies showing the efficacy 
of isotope dilution quantification methods for correction of matrix effects 
associated with LC-MS/MS [159]. α-HBCD had the lowest ME value, even when 
using isotope dilution (87%). The relatively low ME for α-HBCD is likely due to 
slight differences between this isomer and γ-HBCD, the isomer used as the 
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corresponding internal surrogate standard in this method. Regardless, the method 
can effectively provide accurate identification and quantification of the three 
HBCD isomers at low concentrations (pg/g) in marine sediment and biota 
samples.  
 
3.3.3.4 Analysis of a standard reference material (SRM) 
 
The results for the analysis of five replicates of the Standard Reference Material 
1944, a commercially available marine sediment containing known concentrations 
of PCBs and OCPs, are shown in Appendix 14. Mean recoveries of target analytes 
were typically in the range of 80% to 120%, with the exception of trans-nonachlor 
(132%). The results indicated that the developed method provides relatively good 
accuracy and precision for these hydrophobic organic compounds. 
 
3.3.3.5 Comparison with previous multiresidue analytical methods 
 
In the present study, legacy POPs and several emerging organic contaminants 
were extracted from a single environmental sample and analyzed using a 
combination of GC-MS/MS (GC amenable compounds) and LC-MS/MS (LC 
amenable compounds). Table 3.4 shows a comparison of the methodological 
approach (extraction and cleanup techniques) and method detection limits in the 
present study with those from previously reported studies. Several studies have 
similarly employed GC-MS/MS for quantitative determination of PAHs, PCBs, 
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OCPs and PBDEs. Conversely, analyses of musks, triclosan, methyl triclosan, 
DPs, TBBPA and HBCD are limited. 
 
Sapozhnikova et al. (2013) and Picot Groz et al. (2014) previously employed 
dispersive SPE (d-SPE) for cleanup of biota extracts [104, 173]. Guo et al. (2014) 
used silica gel and alumina chromatography for cleanup of sediment sample 
extracts [174]. Sanchez-Avila et al. (2011) utilized florisil cartridges for cleanup 
of sediment and biota extracts, but the target analytes did not include DPs, MTCS 
and musks [85]. In the present study, we utilized a single florisil column to 
remove interferences in both sediment and biota extracts. Further, we used silica 
gel cartridges for the cleanup of sediment extracts for analysis of triclosan, 
TBBPA and HBCDs via LC-MS/MS. In contrast to previous methods, elemental 
sulfur in sediment and lipids in biota were removed using copper powder and 
GPC in the present study. 
 
A comparison of MDLs of the various target analytes in the present study versus 
those reported in previous studies is shown in Table 3.4. MDLs for PCBs, OCPs, 
BFRs, DPs and musks in sediments in the present study via GC-MS/MS were 
equivalent or lower than those previously reported using GC-MS/MS [85, 102, 
174]. The MDLs of those compounds in biota in the present study were generally 
two to three orders lower than previously reported MDLs using GC-MS/MS [85, 
104, 173]. MDLs of MTCS, TCS, TBBPA and HBCD isomers in the present 
study were also one to several orders lower than previous studies [111, 135, 175-
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179]. For example, detection limits of MTCS and TCS in sediment and biota were 
previously reported in the range of 0.16-0.37 ng/g and 2 ng/g, respectively, when 
previously analyzed by GC-MS [135, 176]. Also, previously reported detection 
limits of TBBPA and HBCD isomers in sediment and biota using LC-MS/MS 
were in range of 1.6-2.7 ng/g and 0.01-0.5 ng/g, respectively[175, 178, 179].  
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Table 3.4. Comparison of the methodological approach employed and method detection limits in the present study with those 
from previously reported analytical methods for multi-residue determination of hydrophobic organic contaminants in 
sediments and biota. a 
 Guo et al. (2014) 
[174] 
Camino-Sanchez 
et al.  (2011) 
[102] 
Sapozhnikova et 
al. (2013) [173] 
 
Picot Groz et al. 
(2014) [104] 
Sanchez-Avila et al.  
(2011) [85] 
This study 
Sample type Sediment Sediment Biota Biota Sediment Biota Sediment Biota 
Instrument GC-MS/MS GC-MS/MS GC-MS/MS GC-MS/MS GC-MS/MS GC-MS/MS, LC-MS/MS 
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 29 OCPs, 
28 PCBs, 
10 musks, 







Extraction ASE PLE QuEChERS QuEChERS UAE UAE 
Cleanup Copper powder; 
























         
MDL/LOD, ng/g         
PCBs 0.0003-0.0020 0.001-0.015 0.1-0.5 - 2.0-13 4.0-16 0.0003-0.0035 0.0002-0.0027 
OCPs 0.0026-0.2903 < 0.008 0.5-5 - 2.0-73 4.0-33 0.0001-0.0727 0.0001-0.0228 
BFRs 0.0088-0.7854 0.001-0.004 0.5-10 - 5-44 0.9-3.0 0.0001-0.0338 0.0001-0.005 
DPs 0.0088-0.7854 - 1 - - - 0.0011-0.0012 0.0002 
Musks 0.0127-0.0560 - - 0.5-50 - - 0.0022-0.042 0.0003-0.022 
MTCS - - - - - - 0.0003 0.0003 
TCS - - - - - - 0.0062 0.0023 
TBBPA and HBCD 
isomers 
- - - - - - 0.0015-0.0031 0.0013-0.0069 
a PCDD/Fs: polychlorinated dibenzo-p-dioxins and dibenzofurans; PCDEs: polychlorinated diphenyl ethers; PCNs: polychlorinated naphthalenes; nXFRs: novel halogenated flame 




Figure 3.3. Occurrence and concentrations of legacy POPs and emerging 
contaminants in Singapore’s marine environment 















































(A) Synthetic Musks, Triclsoan and Methyl Triclsoan
(B) Chlorobenzenes and Organochlorine Pesticides





























































































































































































































































































































































































































































































Figure 3.4. Relationships between methyl triclosan and triclosan in sediment and 
biota samples (a), anti-DP and syn-DP in sediment and biota samples (b). 
y = 1.4298x - 0.8853
r² = 0.9752
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3.3.4 Application to real samples 
 
The optimized methods were used to determine concentrations of the target 
analytes in field-collected samples from Singapore’s marine environment, 
including samples from Mandai mangrove, sediments (n=6), polychaete worms 
(n=3) and clams (n=8), as well as samples from the off-shore East Coast Sea, 
sediments (n=6), marine catfish (n=11) and grunter (n=5). Concentrations of 
detectable analytes (mean ± standard deviation) are shown graphically in Figure 
3.3 and summarized in Appendix 15.  
 
Concentrations of most target analytes, including legacy POPs, were generally 
higher in mangrove samples (mangrove sediments, polychaete worms and clams), 
compared to levels in samples from the off-shore East Coast Sea (off-shore 
sediments, catfish, grunter) (Appendix 15). The comparatively higher 
concentrations in mangrove sediments and organisms may be due to closer 
proximity to industrial and/or domestic wastewater effluent discharge point 
sources. However, the concentrations in stream water that flow through 
mangroves to the sea were not measured in this study. 
 
Legacy POPs (PCBs and OCPs) were detected in the majority of samples. PCB 
153 and p,p’ DDE were typically the dominant organochlorine compounds 
detected. Mean ∑PCB concentrations in sediments (ng/g dw) were 0.078 ± 0.021 
and 0.68 ± 0.17 for the east coast and mangrove site, respectively. In biota 
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samples, mean ∑PCB levels (ng/g ww) were 0.45 ± 0.30, 0.75 ± 0.87, 0.97 ± 0.28 
and 1.3 ± 0.39 for grunter, catfish, polychaete worms and clams, respectively. 
Pentachlorobenzene, hexachlorobenzene, chlordanes and dieldrin were also 
detected in sediment and biota samples.  
 
The polycyclic musks, galaxolide and tonalide were detected in all samples, while 
one nitro-aromatic musk, musk ketone, was detected only in sediment samples. 
Galaxolide typically exhibited the highest concentrations among all target 
analytes. Mean galaxolide levels in mangrove sediments (86.2 ± 11.3 ng/g dw) 
were substantially higher than those in east coast sediments (0.56 ± 0.29 ng/g dw). 
Similar differences were observed between mangrove organism and east coast 
fish. Specifically, mean concentrations (ng/g ww) of galaxolide in polychaete 
worms (161.7 ± 72.5) and clams (546.8 ± 220.3) were approximately 10 to 100 
times higher than galaxolide residues observed in marine catfish (0.27 ± 0.29) and 
grunter (0.12 ± 0.29) from the off-shore site. The levels of musks in the present 
study are comparable to previous studies. For example, galaxolide and tonalide 
were previously detected in Great Lakes sediments, ranging in concentrations 
between approximately 1 and 16 ng/g dw [180].  
 
Triclosan and the corresponding methylated degradation product, methyl 
triclosan, were detected in the majority of analyzed samples. Concentrations of 
triclosan and methyl triclosan were highly correlated in sediments (r2= 0.9752, p 
= 4.5 × 10-7) and moderately correlated in biota samples (r2= 0.5067, p=0.461) 
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(Figure 3.4 a). Mean triclosan levels in mangrove sediments (10.5 ± 1.3 ng/g dw) 
were higher than those from the east coast (0.17 ± 0.08 ng/g dw). Methyl triclosan 
was also much higher in mangrove sediment (4.2 ± 1.0) compared to east coast 
sediment (0.008 ± 0.003). Triclosan and methyl triclosan concentrations were 
higher in mangrove organisms to east coast fish. For example, mean 
concentrations (ng/g ww) of triclosan in polychaete worms (4.1 ± 1.7) and clams 
(0.72 ± 0.35) were also 10 to 100 times higher than triclosan residues observed in 
marine catfish (0.023 ± 0.005) and grunter (0.008). The observed levels of 
triclosan and methyl triclosan are comparable to previously reported 
concentrations [134, 181-184]. The data are also consistent with our recent study 
of spatial differences in coastal seawater concentrations of triclosan in Singapore, 
where triclosan levels were found to be elevated at mangrove sites with relatively 
low hydrodynamic residence time [164]. 
 
For flame retardants, BDE 47, BDE 100, syn-DP, and anti-DP were frequently 
detected in biota and sediments samples. HxBBz, BDE 99, BDE 154, α-HBCD 
and γ-HBCD were also detectable in biota and sediments, but with less frequency. 
BTBPE and TBBPA were only detectable in sediments, with concentrations 
ranging from 0.048 to 0.219 ng/g dw and 0.05 to 0.059 ng/g dw, respectively. 
 
Concentrations of syn- and anti-DP were more highly correlated in biota (r2= 
0.9279, p =4.7 × 10-10) than in sediments (r2= 0.5057, p=0.001), (Figure 3.4 b). 
anti-DP tended to exhibit higher concentrations than syn-DP, with anti-DP/syn-DP 
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stereoisomer ratios generally exceeding 1 and ranging between 0.94 and 29.2. For 
example, concentrations of syn-DP and anti-DP in mangrove sediments were 
0.097 ± 0.04 and 0.11 ± 0.04 ng/g dw, respectively. DP concentrations in biota 
ranged between approximately 0.003 and 0.01 ng/g ww. The observed DP 
concentrations are comparable to previously reported levels [44]. 
 
As shown in Fig. 3.3d, γ-HBCD exhibited the highest concentrations among 
HBCD isomers in sediments. Mean concentrations of γ-HBCD in mangrove and 
east coast sediments were 0.13 ± 0.028 and 0.044 ± 0.037 ng/g dw, respectively. 
Conversely, α-HBCD was typically the dominant HBCD isomer in biota samples. 
Mean concentrations of α-HBCD in biota (ng/g ww) were 0.061 ± 0.027, 0.26 ± 
0.028 and 0.97 ± 0.39 for catfish, worms and clams, respectively. The observed 
levels and patterns of HBCD isomers are in general agreement with other studies 
[129-131]. It is important to note that HBCD concentrations in Singapore’s 
marine environment are relatively low compared to those observed in the North 










3.4 Conclusions  
 
An analytical method involving co-extraction and parallel analysis of multi-class 
hydrophobic organic contaminants (90 target analytes) in marine sediments and 
biota using GC-MS/MS and LC-MS/MS was developed and evaluated. The 
method provides good analyte recoveries (> 70%) and low MDLs, as low as 0.1 
pg/g. Analysis of field-collected marine sediment and biota samples from 
Singapore’s coastal marine environment showed the occurrence PCBs, OCPs 
(DDTs, HCHs, chlordanes, etc.), synthetic musks (galaxolide, tonalide, musk 
ketone), halogenated flame retardants (BDEs 47, BDE 99, BDE 100, syn-DPs, 
anti-DP, α-, β- γ- HBCD, TBBPA), as well as triclosan and its degradation 
product, methyl triclosan. Concentrations of target analytes in samples ranged 
generally between 0.001 and 500 ng/g, with polycyclic musks (galaxolide and 
tonalide) and triclosan exhibiting the highest concentrations among target 
analytes. The developed method will be beneficial for future contaminant 












Characterization of Tropical Coastal and Mangrove Food Webs Using Stable 




Stable isotope analysis is one of the primary methods for assessing the structure 
and dynamics of ecosystems, with nitrogen and carbon as the two most employed 




N) is commonly 
used to determine organism trophic level (TL), due to its relatively large and 





often used to determine original sources of dietary carbon because of its relatively 
unchanging and stable trophic fractionation [185]. There are many studies using 
stable isotope analysis to characterize food web structures in various ecosystems, 
such as lakes and mangrove wetlands [187-191]. In addition to nutrient and 
ecosystem dynamics, stable isotope analyses can provide important information to 
better understand the distribution and bioaccumulation of environmental 
contaminants in food webs.  
 
Bioaccumulation metrics such as bioconcentration factors (BCFs), 
bioaccumulation factors (BAFs), biomagnification factor (BMFs), as well as 
physical-chemical properties such as octanol- water partition coefficient (KOW) 
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and octanol- air partition coefficient (KOA) have been used to evaluate the 
bioaccumulation behavior of chemical contaminants [7, 117, 120, 192]. To 
evaluate the overall trophic transfer of contaminants in an ecosystem, the trophic 
magnification factor (TMF) is often determined, representing the average increase 
in chemical concentration for a given trophic level (TL). This field-based 
bioaccumulation metric incorporates numerous observations of contaminant 
concentrations in a variety of organisms and thus can provide a strong holistic 
measure of chemical bioaccumulation potential [117, 193].  
 
Previous studies have utilized TMFs to evaluate the bioaccumulation behavior of 
organic contaminants (dioxins, polychlorinated biphenyls, organochlorine 
pesticides, and perfluoroalkyl chemicals) and mercury in various food webs [194-
199]. The TMF is often determined from the slope of the log-linear regression 
using log concentrations in organisms (log CB) versus δ
15
N or TL values (derived 
from δ15N data) [117, 193]. Measured contaminant concentrations and stable 
isotope data (δ15N and/or δ13C) are the two key parameters required to determine 
trophic level in two-end-member mixing model [186].  
 
Bayen et al. (2005) previously investigated the bioaccumulation of persistent 
organic pollutants (POPs) such as polychlorinated biphenyls (PCBs) and DDTs in 
Singapore’s coastal mangroves [115]. While the study provided numerous 
concentration measurements in various mangrove organisms, TLs of organisms 
were assigned based on previously reported information on tropical mangrove 
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ecosystems in Thailand, India and Australia. In Singapore, the structures of 
marine food webs have not been studied using stable isotope analysis. Especially, 
the trophic levels of organisms in off-shore coastal and mangrove marine food 
webs are still unknown. With the knowledge of trophic levels, the 
bioaccumulation behavior of chemicals can be better evaluated and understood 
through application of trophic magnification factor.  
 
The objective of the present study is to characterize food web structures in 
Singapore’s coastal marine ecosystems via stable nitrogen and carbon isotope 
analysis of field collected samples of sediments and organisms. The study aims to 
provide the first stable isotope data for Singapore’s marine environment, which 
will be useful for future studies of food web structure, carbon and energy flow 
and contaminant bioaccumulation behavior.  
 
4.2 Materials and methods 
 
4.2.1 Study sites 
 
The study involved three different sites, including two mangrove wetland sites 
and one off-shore coastal site in Singapore. Sungei Buloh Wetland Reserve 
(SBWR), which became a national park in 1989 and was Singapore’s first 
ASEAN heritage park in 2003, is located in northern Singapore, adjacent to the 
Strait of Johor that divides Singapore and Malaysia. SBWR is divided into several 
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patches of freshwater and estuarine wetlands. The freshwater wetlands are 
separated from estuarine wetlands by dams, which prevent water exchange 
between the two different systems. The SBWR is relatively large in size, 
estimated at 1.168 km
2
 [200]. Sampling locations within the wetland were 
carefully chosen to represent the mangrove ecosystem. Three main sampling sites 
were chosen: site 1 (SBWR 1), the branch of Johor Strait; site 2 (SBWR 2), a 
small patch of mangrove wetland in Johor Strait; and site 3 (SBWR 3), a large 
mangrove patch that is separated from Johor Strait by a dam, with controlled 
water exchange via a sluice gate (Figure 4.1).   
 
Sungei Mandai wetland (SMW) is in same general vicinity as SBWR but is well 
separated by two streams and Kranji Reservoir. SMW is not a protected nature 
reserve and is much smaller, estimated at approximately 0.15 km
2
 [200]. SMW 
consists of only one patch, dominated by mangroves (sonneratia and rhizophora). 
Mandai River, which receives domestic wastewater treatment plant discharge, 
flows across the mangrove before entering the Johor Strait. During high tide, the 
flow rate of river water is negligible compared with advancing seawater. 
Conversely, river flow is apparent during low tide. Three sampling sites (SMW1, 
SMW2 and SMW3) were chosen in SMW, all adjacent to the Mandai River 
(Figure 4.1).  
 
The coastal off-shore site (East Coast site) is located in the northeast of Singapore 
and is part of Singapore Strait (Figure 4.1). There are several streams flowing to 
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Singapore Strait from the mainland of Singapore. Moreover, many ships are 
harbouring in Singapore Strait and several aquaculture operations are located 








                  
                                                                  
                                                                                  
           
 









4.2.2 Sample collection 
 
Samples of environmental media and organisms were collected between 2011 and 
2012. Detailed information regarding sample taxa, size, number and collection 
data were shown in Appendices 16 (SBWR), 17 (SMW), 18 (east coast sea) and 
19 (birds). Samples from the two mangroves (SBWR and SMW) were collected 
during low tide, typically between 11:00 and 16:00 hours, except for suspended 
particulate organic matter (SPOM), which was collected during high tide using a 
plankton net with the mesh size of 100 µm. Mangrove leaves (sonneratia and 
rhizophora) were only collected from SMW. Bottom sediments were collected at 
mangrove sites using solvent-rinsed metal spatulas. Benthic worms were obtained 
using solvent-rinsed metal tweezers. Invertebrates, including molluscs (common 
nerite, rodong snail and venus clams), crustaceans (acorn barnacle, thunder crab, 
tree climbing crab, crab, prawn), and chelicerates (horseshoe crabs), were 
collected by hand. Fish (milkfish, mullet, halfbeak, glass perchlet, etc.) were 
collected using a small seine net.  
 
East coast samples were collected off-shore from a boat during evening hours, 
generally between 19:00 and 05:00 hours. Coastal bottom sediments were 
obtained using a petit ponar grab. The top 5 cm (active layer) of sediments was 
obtained using solvent-rinsed metal spatulas. Fish samples, including snapper, 
grunter, bamboo shark, stingray, pike conger eel, and marine catfish, were 
collected through deep sea fishing. 
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We currently have a contaminant monitoring program for Singapore birds, 
working closely with veterinarians from Singapore’s Jurong Bird Park. Injured or 
dead birds from different parts of Singapore Island are commonly delivered to 
veterinarian staff at Jurong Bird Park for treatment or disposal. For birds 
receiving treatment we acquired a small blood sample and collected feathers. For 
the purpose of the present study, we utilized bird feathers for stable isotope 
analysis. Feathers were collected from a variety of bird species, including Asian 
koel, yellow/little bittern, black bittern, little egret, cattle egret, collared kingfisher, 
white throated kingfisher, brahminy kite, buffy fish owl, changeable hawk eagle 
and white bellied sea eagle. Diets of these birds vary from fruit to fish and small 
mammals (http://www.naturia.per.sg/buloh/birds/birds.htm).   
 
4.2.3 Sample processing 
 
Crab samples were rinsed with MilliQ water to remove sediments. Worms were 
stored in MilliQ water for several hours to eliminate interferences from sediment 
particles and gut contents. Approximately 30 to 50 worms were pooled for a given 
sample. For molluscs and barnacles, shells were removed and soft tissue from 
multiple individuals were pooled to obtain sufficient sample size for analysis. Fish 
were dissected to obtain muscle tissue and liver, with the exception of glass 
perchlet and liisha elongate, which were relatively small, thus only whole fish 
(without head and tail) were processed. All samples were stored at -20 
o




After freeze drying for 48 hours to remove moisture, samples were ground into a 
fine powder using a ceramic mortar and pestle. For sediment, POM, and small 
crabs inorganic carbon (CaCO3) interferences were removed using diluted HCl- 
drop wise until no bubbles were observed [190, 201, 202]. After rinsing with 
MilliQ water to remove acid residue, samples were dried in the oven at 60 
o
C to a 
constant weight prior to stable isotope analysis. Bunn et al. (1995) reported 
changes in δ15N after acidification of shrimp and seagrass samples [203]. But 
Matthew S. et al. (1999) found that nitrogen isotope composition of whole crabs 
were unaffected by acidification [202]. Following previous studies [204], samples 
of sediment, suspended solids and small crabs were divided into two portions, one 
was treated with acid for δ13C determination, and one for δ15N determination 
without any pre-treatment.  
 
Due to kinetic isotope effect of carbon during lipid biosynthesis, lipid contains 
less 
13
C compared to the whole organism, which may discriminate the δ13C ratios 
if lipid is not removed from tissue [186, 205]. However, the lipid contents for 
organisms in the present study are very low (<1%). Further, we processed several 
biota samples following lipid removal via chloroform and methanol (v/v, 1:2) 
extraction. The results showed no clear differences in δ13C and δ15N for samples 
processed with and without lipid extraction. To eliminate possible contamination 




Plant leaves have large surface area and can easily contain bound airborne 
particles, which may interfere with stable isotope analysis. We compared three 
different protocols for preparing plant leaves prior to analysis. These included 
soaking in MilliQ water, scraping carefully with a metal blade and rinsing with 
methanol. Our results indicated that scraping and rinsing with MilliQ was the best 
approach. Methanol rinsing led to lower values of δ13C and δ15N, which may be 
due to the loss of organic material containing heavier carbon and nitrogen.  
 
Bird feathers also may accumulate particulate interferences. We found that 
soaking and rinsing with MilliQ water was sufficient to clean bird feathers. Also, 
we found that feather vane and rachis had similar stable isotope ratio values. For 
the purpose of this study we utilized feather vane for δ13C and δ15N analyses.  
 
4.2.4 Stable isotope analysis 
 
Stable isotope analysis was performed on a flash 2000 Organic Elemental 
Analyser coupled with Delta V Advantage Isotope Ratio Mass Spectrometry 
(Thermo Scientific, MA, USA) in the laboratory located in Health Science 
Authority (HSA), Singapore. Monosodium glutamate (MSG) was analysed for 
every 5 samples to correct any instrument drift. Data normalization was 
completed by using standards of USGS40 and USGS41. Honey and wheat flour 
were used as QC samples. Results of isotopic ratios were expressed in delta 




δX =(Rsample/Rstandard -1)×1000                                                                                (1) 
 





















N in the 
standard. In our study, PeeDee elemnite was reference standard for δ13C, and 
atmospheric nitrogen was reference standard for δ15N. 
 
Fractionation of δ15N between consumer and its diet is typically 3-4‰, and 
fractionation of δ13C is not statistically different [185, 186, 193]. Since the δ13C 
values in consumer and its diet are similar, the δ13C value is mainly used to trace 
the carbon sources in food web. In comparison, the δ15N value is widely used to 
investigate the trophic levels of consumers, since the discernible change of δ15N 
values in consumer and its diet [185, 206, 207]. By assuming a trophic enrichment 
of  3.4‰ for δ15N , we applied the simplest and widely used model to estimate the 
trophic level of consumer [186]: 
 
 TL = λ + ( δ15Nconsumer- δ
15
Nbase)/ 3.4                                                                    (2) 
 





Nbase are the measured values. The long-lived 
consumer, common nerite, is used as a baseline for the mangrove wetland 
ecosystem, with λ set as 2. Marine sediment is used as baseline for costal 
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ecosystem, since we only collected sediment and fish samples, with λ is set as 1.   
 
For the characterization of the bird samples, it is difficult to find the proper 
baseline due to the wide variety of potential diets and limited information of the 
birds sampled. According to the review by Kelly (2000), the fractionation of δ15N 
between avian and its diet is also in the range of 3-4‰ [208]. For the comparison 
purpose, we still apply equation 2 to calculate the trophic level of avian by using 
δ15N of marine sediment as nitrogen baseline.  
 
The two-end member mixing model for two-source food web was also applied for 
the SBWR food web to estimate the trophic levels of species [186]: 
 
TL = 2 + ( δ15Nconsumer- [δ
15
Ncommon nerite × α+ δ
15
Nrodong snail × (1-α)])/ 3.4             (3) 
 
 




Ccommon nerite - 















Table 4.1. Sample information, stable isotope results of nitrogen and carbon, and 
estimated trophic levels 
Common name Taxa n δ15N, ‰ δ13C, ‰ TP a TP b 
       
SBWR       
       
Sediment - 1  -6.1  -27.6 0.7 1.0  
SPOM - 2  8.0  ± 1.1 -22.7  ± 2.6 1.2 1.3  
Common nerite * Nerita lineata, Family 
Neritidae 
1  10.7  -21.6 2.0 2.0  
Rodong snail Telescopium telescopium, 
Family Potamididae 
2  11.5  ± 0.2 -17.7  ± 0.1 2.2 2.0  
Venus clams Marcia marmorata, Family 
Veneridae 
1  10.9  -19.6 2.1 1.9  
Marine prawn Family Penaeidae 2  11.6  ± 0.3 -20.7  ± 1.1 2.3 2.2  
Halfbeak Zenarchopterus buffoni, 
Family Hemiramphidae 
5  12.8  ± 0.4 -22.1  ± 0.6 2.6 2.7  
Green chromide Etroplus suratensis, Family 
Cichlidae 





2  13.2  ± 0.8 -19.8  ± 0.4 2.7 2.6  
Elongate Illisha 
shad 
Liisha elongate, Family 
Pristiqasteridae 
1  14.4  -19.6 3.1 3.0  
Glass perchlet Ambassis kopsii Bleeker, 
Family Chandidae 
2  15.0  ± 0.0  -19.0  ± 0.4 3.3 3.1  
Milkfish Chanos chano, Family 
Chanidae 
4  12.3  ± 0.5 -18.8  ± 0.3 2.5 2.3  
Mullet Family Mugilidae 3  12.4  ± 0.2 -19.9  ± 0.4 2.5 2.4  
Segmented worm Capitella sp., Family 
Capitellidae 
2  11.5  ± 0.7 -21.7  ± 1.3 2.2 2.2  
Tilapia Oreochromis mossambicus, 
Family Cichlidae 
1 11.9  -19.7 2.3 2.2  
Golden flathead 
goby 
Glossogobius aureus, Family 
Gobiidae 
2  14.2  ± 0.3 -19.4  ± 0.3 3.0 2.9  
Small crab c - 4  11.0  ± 0.4 -18.5  ± 1.0 2.1 1.9  
Tree climbing 
crab d 
Unidentified 1  7.8  -26.3 1.1/2.5 1.4  
       
SMW       
       
Sediment - 1  9.2  -27.4 0.8 - 
Bakau leaf Rhizophora sp. Family 
Rhizophoraceae 
1  2.7  -29.7 1.0 - 
Sonneratia leaf Sonneratia sp.  Famly 
Lythraceae 
1  2.6  -29.7 1.0 - 
Tree climbing 
crab d 
Unidentified 1  7.4  -23.8 2.4 - 
Common nerite * Nerita lineata, Family 
Neritidae 
3  13.2  ± 0.4 -20.0  ± 0.5 2.0 - 
Venus clams Marcia marmorata, Family 
Veneridae 
5  15.6  ± 0.2 -19.8  ± 0.4 2.7 - 
Acorn barnacle Balanus sp., Family Balanidae 3  15.1  ± 0.3 -17.9  ± 1.4 2.6 - 
Small crab Parasesarma 
sp./Paracleistostoma 
depressum 
3  17.1  ± 0.8 -20.6  ± 0.8 3.1 - 
Stone crab Myomenippe harwicki, Family 
Eriphiidae 
2  17.4  ± 0.6 -19  ± 0.7 3.2 - 
Segmented worm Capitella sp., Family 
Capitellidae 
1  15.0  -21.8 2.5 - 
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Mayan cichlid Cichlasoma urophthalmum 3 17.3 ± 0.6 -20.4 ± 0.6 3.2 - 
Tilapia Mozambique Tilapia 
(Oreochromis mossambicus) 
& Nile Tilapia (Oreochromis 
niloticus) 
3 17.9 ± 0.3 -20.0 ± 0.3 3.4 - 
       
East Coast Sea       
       
Sediment * - 1 5.1  -23.4 1.0 - 
Stingray Family Dasyatidae 1 12.2  -16.4 3.1 - 
Bamboo shark Chiloscyllium indicum 3  12.1  ± 0.2 -16.5  ± 0.2 3.1 - 
Marine catfish Family Ariidae 4 12.8  ± 0.4 -16.5  ± 0.2 3.3 - 
Pike conger eel Muraenesox sp. 6 13.5  ± 0.5 -16.3  ± 0.2 3.5 - 
Snapper Lutjanus johnii 2 14.0  ± 0.8 -16.7  ± 0.3 3.6 - 
Grunter Pomadasys aurita  4 14.4  ± 0.6 -15.8  ± 0.5 3.7 - 
       
Birds       
       
Sediment * - 1 5.1  -23.4 1.0 - 
Asian koel Eudynamys scolopaceus 1 4.8  -23.2 0.9 - 
Yellow/Little 
Bittern  
Lxobrychus minutus 2 9.4  ± 1.3 -23.7  ± 0.4 2.3 - 
Black Bittern Lxobrychus flavicollis 2 9.6  ± 0.03 -22.5  ± 1.4 2.3 - 
Little Egret  Egretta garzetta 1 9.5 -26.4  2.3 - 
Cattle egret Bubulcus ibis 1 9.4 -15.0  2.3 - 
Brahminy Kite Haliastur indus 1 12.2 -27.0  3.1 - 
Collared 
kingfisher 
Todiramphus chloris 1 9.5 -23.1  2.3 - 
White throated 
kingfisher 
Halcyon smyrnensis 1 10.4 -17.5  2.6 - 
Malay fish owl Ketupa ketupu 1 15.0 -23.0  3.9 - 
Changeable 
hawk eagle 
Nisaetus cirrhatus 1 8.0 -21.7  1.9 - 
White bellied sea 
eagle 
Haliaeetus leucogaster 1 15.9 -15.4  4.2 - 
Note: * nitrogen baseline in equation 1 for estimating tropic level; a. TL estimated according to equation 1 (single 
carbon source); b. TL estimated according to equation 2 (two carbon sources); c. several species combined, refer to 






4.3 Results and discussion 
 
4.3.1 Sungei Buloh Wetland Reserve (SBWR) 
 
Samples collected at SBWR covered a wide range, including sediment, POM, 
common nerite, rodong snail, prawn, venus clam, crabs (parasesarma sp., 
perisesarma sp., etc.), tree climbing crab, worm, and various fishes (mullet, 
milkfish, tilapia, halfbeak, etc.). The stable isotope results and estimated TLs are 
shown in Table 4.1 and Appendix 16. Our data showed consistent values of δ15N 
and δ13C of the same species, even though they were collected at different time 
(temporal) and locations (spatial). For example, there are five pooled halfbeak 
samples, which are temporally and spatially different (Appendix 16), δ15N values 
ranged from 12.5‰ to 13.6‰, (average 12.8‰, SD 0.42‰), while δ13C values 
ranged from -22.8‰ to -21.2‰ (average -22.1‰, SD 0.56‰). 
  
We mainly collected five species of crabs in SBWR, of which one belongs to tree 
climbing crab, one is unidentified, and the other three species are parasesarma sp., 
perisesarma sp., and paracleistostoma depressum. Except for the tree climbing 
crab, which mainly feeds on mangrove tree leaves, the other four crabs have 
similar δ15N and δ13C values (Appendix 16), showing similar trophic level and 
carbon sources.  The stable isotope data of the four species were combined to 
describe the trophic level and carbon source of crab in SBWR (Table 4.1). Tree 
climbing crab has much lower δ15N and δ13C values (7.8‰ and -26.3‰), which 
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was confirmed that its main carbon and energy source is from mangrove tree 











Figure 4.2. Relationship between δ15N and δ13C values for species collected at 
Sungei Buloh Wetland Reserve (SBWR) 
 
Except for tree climbing crab, which belongs to the mangrove-crab terrestrial food 
web, differences among δ13C compositions of invertebrates and fishes showed 
that there are at least two more carbon sources existing in this investigated 
mangrove ecosystem (Figure 4.2). Common nerite (δ13C, -21.6‰) and rodong 
snail (δ13C, -17.7‰) may represent the pelagic and benthic carbon compositions, 
respectively. However, there is not much difference of carbon composition among 
most of the species, including venus clam (-19.6‰), green chromide (-19.7‰), 
tropical silverside (-19.8‰), liisha elongate (-19.6‰), mullet (-19.9‰), tilapia (-











is less than one day, mainly following the tide time. Even though there is a slice 
gate controlling water exchange at SBWR 3, the water residence time is less than 
three days for most of the time, depending on the management schedule. Due to 
the frequent water exchange, it is highly possible that the primary producers are 
well mixed from surface of water to the bottom, providing various consumers 
with similar carbon source. That may partly explain why most of the consumers at 
SBWR have similar carbon composition, even though the habitats are 
significantly different (i.e. venus clam vs green chromide).  
 
To calculate the trophic levels of consumers, long lived consumer common nerite 
was used as nitrogen baseline in single source model, while long lived consumer 
common nerite (pelagic) and rodong snail (benthic) were used to estimate 
nitrogen baseline in two sources model. The advantages of using long lived 
consumers as nitrogen baseline have been fully investigated and illustrated [186]. 
The huge temporal variation of δ15N values in primary producers is the main 
reason. Our results also showed that the δ15N values of suspended particulate 
organic matter (POM) varied from 6.9‰ to 9.1‰ in one week (2 to 9, Sep, 2011, 
Appendix 16), which was more than half trophic level difference. In comparison, 
δ15N values of rodong snail did not change over four months (Appendix 16).  
 
The trophic levels of collected species at SBWR are listed in Table 4.1. As can be 
seen, the two models generated similar results, but the two sources model led to 
lower trophic levels for the same species in general. The reason for the trophic 
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level similarity could be due to the similar δ15N values of common nerite and 
rodong snail (10.7‰ and 11.5‰), which might be caused by the well mixed food 
source at SBWR. The relative higher δ15N value of rodong snail (11.5‰ vs 10.7) 
contributed to the increase of nitrogen baseline in two sources model, explaining 
why the model generated lower trophic levels of collected species.  
 
The estimated trophic levels using single source model was used for 
characterization of food web in this study. At SBWR, we only estimated 3 trophic 
levels, among which invertebrates were mainly at the second trophic level, while 
fishes were at the third trophic level. Milkfish, mullet, and halfbeak occupied the 
trophic levels in the range of 2.5 to 2.6, showing that they might be feeding on 
primary producers in addition to primary consumers, which were consistent with 
field observation results. Green chromide occupied trophic level of 2.8, showing 
its preference for primary consumers over the primary producer (algae). In 
comparison, the green chromide occupied trophic level of 3.3 at SMW. Based on 
the stable isotope data, green chromide in mangrove ecosystem mainly feed on 
primary consumers, not primary producers. 
 
In comparison with other species, the tree climbing crab had extremely lower 
δ15N and δ13C values (7.8‰ and -26.3‰), showing the possibility of another 
carbon source, which was possibly the mangrove tree leaves. Although this study 
did not analyze any mangrove tree leaves at SBWR, the stable isotope 
compositions of tree climbing crab and mangrove tree leaves at SMW (Table 4.1) 
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confirmed the dietary relationship between tree climbing crab and mangrove tree 
leaves. Different from other species, the trophic level of tree climbing crab was 
estimated using mangrove tree leaves as nitrogen baseline. Since no mangrove 
tree leaves were collected at SBWR, the δ15N from SMW estimated trophic level 
of tree climbing crabs was 2.5. 
 
Malayan water monitor (varanus salvator) is one important species at SBWR, 
because of their large numbers, foraging area, and various dietary intakes 
including species at different trophic levels. Based on the trophic levels of its 
dietary, such as fishes, crabs and birds, the Malayan water monitor should occupy 
the fourth trophic level at SBWR as a top predator. Due to the permission issue, 
we did not collect Malayan water monitor at SBWR. However, it is important to 
know that this reptile species plays an important role in this mangrove ecosystem 
and occupy the top trophic level.  
 
4.3.2 Sungei Mandai Wetland (SMW) 
 
Only limited species at SMW were collected, including mangrove leaves, 
common nerite, venus clam, acorn barnacle, crabs (parasesarma sp., stone crab 
and tree climbing crab), worm, and sediment. The stable isotope results of δ15N 




The common species collected both at SBWR and SMW were common nerite, 
venus clams, crabs, worms, and tree climbing crabs. The δ15N values of these 
species at SMW and SBWR were 13.2‰ vs 10.7‰, 15.6‰ vs 10.9‰, 17.1‰ vs 
11.0‰, 15.0‰ vs 11.5‰, and 7.4‰vs 7.8‰. Except for tree climbing crab, 
which belonged to mangrove tree leaves-tree climbing crab food web, the δ15N 
values of the other common species were much higher at SMW ( > 2.5‰). As 
mentioned in section 4.2.1, there is a river flowing through SMW, and wastewater 
treatment plant effluent and runoffs are the main two sources of river water. 
Studies have showed that contribution of wastewater increases δ15N values in 
food webs [209, 210]. In our study, we did not analyze the stable isotope 
compositions of stream water. However, it is highly possible that the higher δ15N 
values of species at SMW were because of the contribution of stream water.  
 
δ13C values of collected species at SMW showed that there were at least two more 
carbon sources in that ecosystem, except for the mangrove tree leaves-tree 
climbing crab food web. However, carbon compositions of common nerite, venus 
clam, small crab, and stone crab at SMW did not show significance difference 
(Figure 4.3). The similarity of δ13C values in common nerite and venus clam 
could be because of the well mixed nutrients (primary producers) at SMW, which 
















Figure 4.3. Relationship between δ15N and δ13C values for species collected at 
Sungei Mandai Wetland (SMW) 
 
Same as the tree climbing crab at SBWR, the crab at SMW also has much lower 
δ15N and δ13C values (7.4‰ and -23.8‰) in comparison with other two crabs 
(17.1‰ and -20.6‰) (Table 4.1). Two types of mangrove tree leaves (rhizophora 
and sonneratia) from SMW were analyzed in this study, and the results showed 
lower δ15N and δ13C values (2.7‰ and -29.7‰) (Table 4.1), which proved that 
tree climbing crab feeds on mangrove tree leaves.  
 
At SMW, trophic levels of species were estimated by single carbon source model 
with long lived consumer common nerite as nitrogen baseline. At SMW, 
mangrove tree leaves were at the first trophic level while common nerite, venus 











crabs and green chromide occupied the highest trophic level (Table 4.1). However, 
the fourth trophic level at SMW could also exist since Malayan water monitor and 
fish-eating birds were observed at SMW, but not collected and analyzed.  
 
Comparing with SBWR, in which ecosystem crab only occupied the second 
trophic level, the crabs at SMW occupied the third trophic level (Table 4.1). The 
possible reason is the different food path/dietary at different ecosystems. At 
SBWR, the crabs were mainly collected at SBWR 3, an open area with less 
mangrove trees. In comparison, the living environment for crabs at SMW is more 
complex. Therefore, crabs have access to more various food sources at SMW, 
increasing the chance for feeding on primary consumers. 
 
4.3.3 East Coast Sea 
 
Samples from East Coast Sea included marine sediment, bamboo shark, marine 
catfish, stingray, pike conger eel, snapper and grunter. The stable isotope results 
of δ15N and δ13C are shown in Table 4.1 and Appendix 18. 
 
All the fish samples were collected through fishing rod on boat. Since the fish bait 
reached the marine bottom, it is highly possible that all the fishes in this study are 
benthic fishes. The hypothesis was proved by the carbon composition. As shown 
in Figure 4.4, δ13C values of the six fish species from East Coast Sea were 














Figure 4.4. Relationship between δ15N and δ13C values for species collected at 
East Coast Sea, Singapore 
 
Single source model was applied to estimate trophic levels of fish species. The 
long lived primary consumers (invertebrates) were not collected from East Coast 
Sea. In this study, the δ15N value of marine sediment was used as nitrogen 
baseline (λ =1) in marine food web. The trophic levels of fish species were also 
estimated based on the δ15N value of bamboo shark (λ =3), which showed similar 
results (data not shown). It is safe to conclude that there is a total of four trophic 
levels in East Coast Sea based on the stable isotope analysis of our collected 
samples. Fishes generally occupied the third and fourth trophic levels, with 
snapper and grunter occupying the highest trophic level (TL =3.6 & 3.7). 
However, species belonging to the first and second trophic levels were not 











of East Coast Sea, there is a need to include stable isotope analysis of more 
samples occupying the four trophic levels.  
 
In East Coast Sea, the influence of body size (weight and/or length) on nitrogen 
composition (trophic level) was observed for pike conger eel. The δ15N values of 
small (60 cm, 500 g) pike conger eels were significantly lower than the large ones 
(100 cm, >1500 g), while the difference among δ13C values was not significant 
(Appendix 18). However, the same trend was not observed for other fish species.  
 
4.3.4 Birds in Singapore 
 
Bird samples in this study included Asian koel, yellow/little bittern, black bittern, 
little egret, cattle egret, brahminy kite, collared kingfisher, white throated 
kingfisher, Malay fish owl, changeable hawk eagle, and white bellied sea eagle. 
The stable isotope results of δ15N and δ13C are shown in Table 4.1 and Appendix 
19. 
 
The bird species were collected opportunistically island-wide in Singapore. Due 
to the complex dietary intakes and broad foraging area for birds, it is reasonable 
to observe large variations of δ15N and δ13C values (Figure 4.5). The δ13C values 
ranged from -27.0‰ to -15.4‰ for bird species in this study (Table 4.1), implying 
that there were more than one carbon source for birds in this study. Fruits, seeds, 
bugs, fishes, and even food wastes are possible dietary intakes for the investigated 
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bird species. Based on the limited information, the carbon sources for bird species 











Figure 4.5. Relationship between δ15N and δ13C values for bird species in 
Singapore 
 
The δ15N values for the bird species ranged from 4.8‰ to 15.9‰ (Table 4.1), 
showing the broad coverage of trophic levels of these birds. It is highly possible 
that these birds belonged to different food webs, since they foraged island-wide in 
Singapore. For a comparative purpose, we estimated the trophic levels of bird 
species through single source model by using δ15N value of marine sediment as 
nitrogen baseline in this study (Table 4.1). The fish-eating birds, such as Malay 
fish owl and white bellied sea eagle occupied the highest trophic levels (TL = 3.9 












Among all the bird species, Malay fish owl and white bellied sea eagle had higher 
δ15N values, which were 15.0‰ and 15.9‰, respectively (Table 4.1). These two 
birds are well known fish eating birds, which may belong to the mangrove food 
webs in Singapore. In comparison with δ15N values of fish species at SBWR, 
which were in the range of 11.9‰ to 13.3‰ for tilapia, milkfish, mullet, 
halfbeaks, tropical silverside and green chromide (Table 4.1), these two bird 
species should occupy the trophic levels between 3 and 4 at SBWR. Both the 
collared kingfisher and white throated kingfisher, which are also fish eating bird, 
had relative lower δ15N values (9.5‰ and 10.4‰) in comparison with the fish 




























Food web structures of two mangrove ecosystems and one coastal ecosystem 
were characterized and discussed using stable isotope analysis (δ15N and δ13C). 
There were estimated three carbon sources at SBWR ecosystem, two carbon 
sources at SMW ecosystem and one carbon source in East Coast Sea (marine 
bottom ecosystem). Mangrove tree leave - tree climbing crab food web had an 
obvious lower stable isotope compositions compared with other food webs. The 
well mixed nutrients (primary producers) in mangrove ecosystems resulted in a 
similar dietary of primary consumers, leading to similar stable isotope 
compositions for pelagic and benthic organisms. The food web length in 
mangrove ecosystems could reach the fourth level, considering the existence of 
Malay water monitor at SBWR and SMW. Same species occupied different 
trophic levels at SBWR and SMW (crab), due to the difference in food web 
compositions. In the marine bottom ecosystem of East Coast Sea, the fish species 
in this study occupied the trophic levels of 3.1 to 3.7, and the influence of body 
size on trophic levels for pike conger eel was observed. The well-known fish 
eating birds, Malay fish owl and white bellied sea eagle, had higher δ15N values 
than others and might occupy the trophic levels of 3-4 at SBWR. The estimated 
trophic levels of various species at Singapore’s marine environment will be 
applied to evaluate the trophic transfer of legacy POPs and emerging 







Distribution and Bioaccumulation Behavior of Legacy POPs and Emerging 




The partitioning and bioaccumulation behavior of persistent organic pollutants 
(POPs) such as polychlorinated biphenyls (PCBs) and organochlorine pesticides 
(OCPs) has been well-documented. In recent years, several studies have 
investigated the occurrence of other emerging contaminants, including 
halogenated flame retardant (HFRs), synthetic musks and the widely used 
antibacterial agent, triclosan [41, 44, 141, 145, 211-218]. Information regarding 
the environmental behavior of these potentially harmful compounds is limited. 
 
Bioaccumulation metrics such as bioaccumulation factors (BAFs), 
biomagnification factors (BMFs), biota-sediment bioaccumulation factors 
(BSAFs) and trophic magnification factors (TMFs) are routinely used to describe 
the bioaccumulation potential of chemical contaminants. Determination of these 
metrics requires measured contaminant concentrations in ambient environment 
(water, air, sediments), as well as organisms such as invertebrates, fish, birds and 
mammals. 
 
The distribution and bioaccumulation of polybrominated diphenyl ethers (PBDEs), 
114 
 
a class of halogenated flame retardants, has been investigated in lakes and 
reservoirs [123, 125, 126], as well as several marine ecosystems [122, 127-129]. 
The available information suggest there is  preferential bioaccumulation of BDE 
47, compared to other PBDE congeners, due in part to debromination of higher 
brominated congeners to the more recalcitrant tetrabromo diphenyl ether BDE 47. 
Morris et al (2004) showed that tetrabromobisphenol A (TBBPA), currently used 
as an additive flame retardant, exhibited relatively low bioaccumulation potential 
in a North Sea food web [130]. Law et al. (2006) found another current-use flame 
retardant, 1,2-Bis (2,4,6-tribromophenoxy)ethane (BTBPE), biomagnified only to 
a certain extent in the Lake Winnipeg food web (TMF =1.86) [126]. A recent 
study of an aquatic food web near an e-waste recycling site in China reported 
slight trophic magnification of HxBBz (TMF =1.46) and trophic dilution of 
BTBPE, pentabromotoluene (PBT), and pentabromoethylbenzene (PBEB) [131].  
 
HBCD isomers behave differently in environment, and studies showed that α-
HBCD is preferential enriched in food web comparing with β-HBCD and ɣ-
HBCD, which is mainly due to the different metabolism rates in biota body [129, 
131, 216, 217, 219-221]. The TMF of  α-HBCD is around 2 in two different food 
webs [129, 131]. Similar as HBCD isomers, syn-DP and anti-DP also experienced 
different fate in food web. Tomy et al (2007) showed that fraction of anti-DP in 
the sum DPs was increased in biota samples in the Lake Winnipeg food web and 
the TMFs of anti-DP and syn-DP were 2.5 and <1, respectively, but the fraction 
of anti-DP was decreased in biota samples in the Lake Ontario food web [132], 
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and Wu et al. (2009) also showed that the fraction of anti-DP was decreased in 
biota and was further decreased upon moving up the trophic levels, but the TMFs 
of anti-DP and syn-DP were 6.6 and 11.3, respectively [222].  Jia et al. (2011) 
found the depletion of anti-DP both in biota and sediment, comparing with water 
[49]. 
  
The occurrence and levels of synthetic musks and triclosan are highly related to 
location and magnitude of wastewater treatment plant effluent discharge [57, 71, 
74, 78, 223]. Nakata et al. (2007) reported the negative correlation between 
galaxolide (HHCB) concentrations and trophic level in a marine food chain, 
demonstrating trophic dilution of this common-use polycyclic musk compound 
[68]. Zhang et al. (2013) reported moderate bioaccumulation of HHCB in the 
Taihu Lake food web (TMF=1.12), while Tonalide (AHTN) exhibited relatively 
low biomagnification (TMF=0.74) [224]. Wan et al. (2006) found that lipid 
corrected concentrations of HHCB and AHTN increased with age in Chinese 
sturgeon [225], but Kannan et al (2005) didn’t find the same relationship in 
human being [226], the metabolism variations between fish and human may 
contribute.  To our knowledge, the bioaccumulation behavior of TCS and MTCS 
is not thoroughly evaluated in any food web yet. Bioaccumulation studies for 
triclosan and methyl triclosan using algae, snail (H. trivolvis), and marine mussels 
(M. galloprovincialis) all showed the low bioaccumulation potential (log BA< log 
KOW) and the low chance for these two compounds to biomagnify over trophic 
levels [79, 133-135].  
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The evaluation for distribution and bioaccumulation behavior of HOCs has not 
been conducted in tropical marine food web so far. Located near the equator in 
Southeast Asia, Singapore east coast sea represents the typical tropical marine 
environment that greatly influenced by human activities. By collecting and 
analyzing samples (seawater, sediment, phytoplankton and fish) from Singapore 
east coast, the objective of this study is to investigate the distribution and 
bioaccumulation behavior of HOCs in Singapore tropical marine environment. 
Except for BFRs, CFRs, SMs, TCS and MTCS, the legacy POPs, such as 
polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs) and 
chlorobenzenes, are also included in this study. So far, the thorough 
bioaccumulation evaluation of emerging organic contaminants (EOCs, i.e. CFRs, 
SMs, TCS and MTCS) in marine food webs is still limited. This study also aims 
to provide more information for bioaccumulation evaluation of EOCs with field 
related data.     
 
5.2 Materials and Methods 
 
5.2.1 Chemicals and materials 
 
In this study, the 90 analyzed hydrophobic organic contaminants (HOCs) included 
28 polychlorinated biphenyls (PCBs), 22 organochlorine pesticides (OCPs), 7 
chlorobenzenes, 10 synthetic musks (SMs), 19 brominated flame retardants 
(BFRs), 2 chlorinated flame retardants (CFRs), triclosan and methyl triclosan 
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(MTCS). Stable-isotope, carbon-13 (
13
Cx) and deuterium (dx), labelled 
compounds were used as internal surrogate standards (IS) or injection recovery 
standards (RS). For the detailed information of these standards, solvents, and 
other materials, please refer to Chapters 2 & 3 (Sections 2.2 & 3.2 and 
Appendices 1 & 11). 
 
5.2.2 Study area and samples 
 
During the years between 2010 and 2013, samples of seawater, sediment, 
phytoplankton, and fish were collected from various off-shore locations in the 
East Coast Sea, Singapore (Chapter 4, Figure 4.1). Seawater samples (n=24) were 
collected through water sampler fabricated in-house at 1-2 meters above the sea 
bottom. Sediment samples (n=24) were obtained through petit ponar grab and 
only 1-5 cm surface sediment were collected. Phytoplankton samples (n=17) were 
collected by phytoplankton net (pore size 100 µm). Fish samples were collected 
through line-fishing on boat, including pike conger eel (Muraenesox sp., n=14), 
marine catfish (Family Ariidae, n=11), bamboo shark (Chiloscyllium indicum, 
n=3), stingray (Family Dasyatidae, n=1), snapper (Lutjanus johnii, n=3), and 
grunter (Pomadasys, n=5). The detailed information for fish samples (size, weight, 
collection date, etc.) is provided in Appendix 20.  
 
After sample collection, seawater samples in solvent-rinsed amber glass bottles, 
sediment and phytoplankton samples in solvent-rinsed glass jars, and fish 
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wrapped in aluminium foil were all stored in a cooler packed with ice, and 
delivered back to the laboratory located at National University of Singapore in 12 
hours. Seawater samples were stored at 4 
o
C and analyzed in 24 hours. Sediment 
and phytoplankton samples were stored at -20 
o
C prior to analysis. Muscle tissue 
of fish samples were excised using solvent-rinsed blades in 24 hours, then stored 
in solvent-rinsed glass jars at -20 
o
C prior to analysis.  
 
5.2.3 Extraction and cleanup 
 
The methods of extraction and cleanup of seawater, sediment and biota samples 
have been developed and validated (Chapters 2 & 3). Briefly, seawater sample (~ 
2.5 L) was filtered through 1 µm glass fiber filter to obtain dissolved phase 
(filtrate) and particulate associated phase (suspended sediment). Stable-isotope 
labeled standards (2.5-10 ng) were spiked into two phases prior to extraction. 
Dissolved phase was extracted through solid phase extraction using C18 disk, 
with 35 ml DCM as eluent solvent. Sodium sulfate (baked at 300 
o
C) was added 
into eluent to remove residue moisture. After concentration under gentle stream of 
nitrogen gas, DCM was solvent exchanged to isooctane and injection recovery 
standards (
13
C12-PCB 111 & 
13
C12-BDE 77, 2.5 ng each) in isooctane were 
added, the final volume was ~50 µl. Particulate associated phase was dried by 
sodium sulfate and extracted through ultrasound assisted extraction with solvent 
mixture of DCM: hexane (1:1, v/v). A 1 g deactivated florisil column (1.5% H2O 
by weight) with 15 ml DCM: hexane (1:1, v/v) and 10 ml DCM as eluent solvents 
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was applied to clean-up the extract. The eluent solvents were combined and 
concentrated under gentle stream of nitrogen gas, and solvent exchanged to 
isooctane. Injection recovery standards (
13
C12-PCB 111 & 
13
C12-BDE 77, 2.5 ng 
each) in isooctane were added, and the final volume was ~50 µl. 
 
Sediment, phytoplankton, and muscle tissue of fish (~ 10 g wet weight) were 
homogenized with sodium sulfate using mortar and pestle. Activated copper 
powder (3 g) was homogenized together with sediment to remove elemental 
sulphur. The homogenate powder was spiked with stable isotope labelled 
standards (2.5-5 ng), and extracted using ultrasound assisted extraction with 
solvent mixture of DCM: hexane (1:1, v/v). After concentration, lipid was 
removed from the solvent extract of muscle tissue through gel permeation 
chromatography (GPC, 45 g Biobeads®) with solvent mixture of DCM: hexane 
(1:1, v/v). After lipid removal through the first 90 ml solvent mixture, target 
analytes were eluted through 160 ml solvent mixture, which was concentrated and 
split into two fractions: 75% for GC-MS/MS analysis and 25% for LC-MS/MS 
analysis. The fraction for GC-MS/MS analysis was further cleaned up through 
deactivated florisil column (8 g, 1.5% H2O by weight) with 160 ml solvent 
mixture of DCM: hexane (1:1, v/v) as eluent solvent. After concentration and 
solvent exchange to isooctane, injection recovery standards (
13
C12-PCB 111 & 
13
C12-BDE 77, 2.5 ng each) in isooctane were added, the final volume was ~50 µl. 
The fraction for LC-MS/MS analysis was solvent exchanged to methanol and 
filtered through 0.2 µm PTFE syringe filter, after which, injection recovery 
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standard (NP-d5) in methanol was added to make the final volume was ~ 500 µl.  
 
After concentration, the solvent extract of sediment or phytoplankton was split 
into two fractions: 75% for GC-MS/MS analysis and 25% for LC-MS/MS 
analysis. The fraction for GC-MS/MS analysis was cleaned up through 
deactivated florisil column and spiked with injection recovery standards, 
following the same procedure as described for muscle tissue cleanup. The fraction 
for LC-MS/MS analysis was further cleaned up through solid phase extraction 
with silica cartridge (500 mg), which was conditioned by 10 ml DCM and 10 ml 
hexane prior to loading sample. Cartridge was eluted with 10 mL ethyl ether: 
hexane (20:80, v/v) to collect target analytes. After solvent exchange to methanol, 
the eluent was filtered using a 0.2 µm PTFE syringe filter. Recovery standard 
(NP-d5) was spiked prior to analysis. The final volume of the sediment extract for 




Analyses of majority of target analytes, including PCBs, OCPs, musks, BFRs, 
CFRs and MTCS were performed by Agilent 7890A GC with 7000B triple 
quadrupole mass spectrometry (Palo Alto, CA, USA). The MS was operated in 
electron ionization condition with the electron energy of -70 eV. Multiple reaction 
monitoring (MRM) mode with unit resolution was applied. The GC was operated 
in pulsed splitless injection mode using 1 µl injection volume and helium as 
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carrier gas. PCBs, OCPs, musks and MTCS were separated using a DB-5 MS 
column (60 m×0.25 mm i.d. ×0.10 µm, Agilent), while BFRs, CFRs, 4,4’ DDT 
and methoxychlor were separated using a HT-5MS column (15 m×0.25 mm i.d. 
×0.10 µm, Agilent). GC conditions and MRM transitions are provided in Chapters 
2 & 3 (Sections 2.2 & 3.2 and Tables 2.1 & 2.2.) 
 
Analyses of BFRs (TBBPA, HBCD isomers) and triclosan were performed by 
Agilent 1290 Infinity LC with 6490 triple quadrupole mass spectrometry (Palo 
Alto, CA, USA). The MS was operated in ESI negative mode. Multiple reaction 
monitoring (MRM) mode with unit resolution was applied. TBBPA, HBCD 
isomers, and triclosan were separated using a ZORBAX Eclipse Plus C18 column 
(Rapid Resolution HD, 2.1 × 100 mm, 1.8 micro, Agilent Technologies). A binary 
gradient consisting of MilliQ water (Mobile Phase A) and acetonitrile: methanol 
(30:70, v/v) (Mobile Phase B) at a flow rate of 0.4 ml/min was used. The injection 
volume was 3 µl. Details regarding LC-MS/MS parameters and MRM transitions 
are provided in Chapter 3 (Section 3.2 and Table 3.1). 
 
Seawater samples were only analyzed by GC-MS/MS, while sediment, 
phytoplankton and fish samples were analyzed by GC-MS/MS and LC-MS/MS. 
Quantification of target analytes were performed using the isotope dilution 
method. The internal surrogate standards used for quantification of individual 
target analyte are showed in Appendices 1 & 11. Recoveries of majority of 
internal surrogate standards were between 40% and 90%. Method detection limits 
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(MDLs) were estimated as a response giving a signal to noise ratio of 5 in sample 
matrix. The noise was determined through root mean square (RMS) of height in 
the noise region. MilliQ water, sand, and triolein were used as blanks for seawater, 
sediment/phytoplankton, and muscle tissue samples, respectively. Galaxolide, 
tonalide, chlorobenzenes and HBB were frequently detected in blanks. Reported 
concentration was blank subtracted.   
 
The following quality assurance/quality control criteria were followed: 1) the 
target analyte was quantified only when the signal to noise ratio was above 5 
(i.e., > MDL); 2) the uncertainty of qualifier to quantifier ratio was < 20%; 3) the 
relative standard deviation (RSD, %) of RRF was < 20%; 4) the recoveries of 
internal surrogate standards were > 30% (10% for very volatile chlorobenzenes).  
 
5.2.5 Data analysis 
 
Total organic carbon (TOC) and dissolved organic carbon (DOC) of seawater 
were determined by SHIMADZU TOC analyser (TOC-VCSH). TOC of sediment 
was determined by SHIMADZU analyser (TOC-VCSH with solid sample module, 
SSM-5000A). Lipid content of tissue was estimated gravimetrically on sub-
sample of the extract.  
 
Measured concentrations of HOCs in seawater were expressed as pg/L, both for 
the dissolved and particulate associated phases. Measured concentrations of 
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HOCs in sediment were expressed on a dry weight basis (ng/g dw) as well as 
organic carbon corrected basis (ng/g OC wt), while concentrations in muscle 
tissue were expressed on a wet weight basis (ng/g wt) as well as lipid normalized 
basis (ng/g lipid wt). Concentration data are reported as geometric means (GM), 
with 95% confidence intervals (CI). The detection frequency of each HOC in 
every sample was also included.  
 
Bioaccumulation behavior of HOCs in phytoplankton and fish were evaluated by 
using bioaccumulation factor (BAFww and BAFlipid wt), which was calculated as 
chemical concentration in phytoplankton or fish (ng/kg wt and ng/kg lipid wt, 
respectively) divided by freely dissolved concentration in seawater (ng/L). In 
bioaccumulation study, only freely dissolved organic contaminants in water phase 
are bioavailable for passive uptake by organisms. After filtration, the passed fine 
particles in seawater filtrate can still adsorb HOCs and this fraction of HOCs 
becomes not bioavailable. As pointed out by Mackintosh et al. (2006) [227], the 
concentrations of HOCs in seawater dissolved phase (filtrate) were only 
operationally defined freely dissolved, not freely dissolved. To estimate freely 
dissolved concentration, the following equation was applied [227]: 
 
          (                     )  (                     )    (1) 
 
where     is the freely dissolved fraction (unitless);     and     are the 
concentrations (kg/L) of large and small diameter particulate matters in water, 
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respectively;       and       are the organic carbon contents (kg/kg) of large 
and small diameter particulate matter, respectively;        and        are 
proportionality constants (L/kg OC) relating the organic carbon sorption affinity 
of the chemicals to that of octanol;     (unitless) is octanol-water partition 
coefficient. The equation can be rewritten as [228]: 
 
         (            )  (            )                                    (2) 
 
where POC and DOC are the particulate organic content and dissolved organic 
content (kg/L), respectively; 0.35 (L/kg) is derived from the relationship of  
            [229]; 0.08 (L/kg) is derived from the relationship of      
        [230].  If operationally defined freely dissolved concentration is used to 
estimate freely dissolved concentration, the equation (2) becomes [231]: 
 
       (            )                                                                               (3) 
 
Except for bioaccumulation factors, fugacity and trophic magnification factor 
(TMF) were also applied to evaluate chemical bioaccumulation behavior in this 
study. Fugacities (Pa) of HOCs in seawater dissolved phase, phytoplankton and 
fish were estimated. The equations for estimating fugacities are shown in 
Appendix 21. As described before [122], trophic magnification was assessed 
through log-linear regression between the base-10 logarithm (log) of the lipid 
equivalent concentration in biota (CB, lipid wt) and trophic level (TL): 
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        (    )                                                                                            (4) 
 
where m and b are the empirical slope and y-intercept, respectively. TL was 
determined by stable nitrogen isotope, which ranged from 1 to 3.9 (Appendix 18 




5.3 Results and discussion 
 
5.3.1 Concentrations of legacy POPs and emerging contaminants in the 
Singapore marine environment 
 
Measured concentrations of HOCs in samples of seawater (both dissolved and 
particulate associated phases), sediment, phytoplankton and 6 fish species are 
shown in Appendices 22 & 23. By comparison of the occurrence of HOCs in 
seawater dissolved phase and particulate associated phase, it was found that most 
of the detected HOCs were in the dissolved phase, only galaxolide, tonalide, ɣ-
chlordane and hexabromobenzene were occasionally detected in particulate 
associated phase. In this section, only the occurrence of HOCs in seawater 
dissolved phase was discussed. 
 
Of the 10 musks monitored, we observed the occurrence of totally 7 compounds 
in Singapore’s marine environment, including galaxolide, tonalide, celestolide, 
phantolide, traesolide, musk xylene and musk ketone, with the dominance of 
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galaxolide and tonalide (concentration contribution: 86%-98% in seawater 
dissolved phase, 91%-100% in sediment, 86%-100% in phytoplankton, and 95%-
100% in fish), followed by musk ketone, which was frequently detected in 
seawater dissolved phase, sediment and phytoplankton, but only detected once in 
fish (snapper). Mean concentrations of galaxolide and tonalide in seawater 
dissolved phase were 1351.8 and 194.7 pg/L, respectively, which were in the 
same order as in Mediterranean Sea (galaxolide<2 ng/L and tonalide<1 ng/L) and 
higher than the concentrations in the North Sea (median concentration: galaxolide 
59 pg/L, tonalide 23 pg/L) [57, 151]. Further, the mean concentrations of 
galaxolide and tonalide in marine sediment were 0.376 and 0.134 ng/g dw, 
respectively, which were lower than the concentrations in phytoplankton (4.3 and 
0.966 ng/g dw). Beretta et al. (2014) reported the occurrence of galaxolide and 
tonalide in sediment of the Todos os Santos Bay (Brazil), with much higher 
concentrations of 52.5 and 27.9 ng/g dw, respectively [232]. Peck et al. (2006) 
also recorded a higher concentration of galaxolide in Lake Erie surface sediment 
(3.2 ng/g dw), and higher concentrations of galaxolide and tonalide in Lake 
Ontario surface sediment (16 and 0.96 ng/g dw) [180]. In fishes, the mean 
concentrations of galaxolide and tonalide ranged from 26.9 to 110.9 ng/g lipid wt, 
and from 6.47 to 22.3 ng/g lipid wt, respectively. The highest concentrations of 
galaxolide and tonalide were found in bamboo shark, while the lowest 
concentration of galaxolide and tonalide were found in pike conger eel and marine 
catfish respectively. Our results showed comparable concentrations of galaxolide 
and tonalide between eelpout muscle from the North Sea (15-164 ng/g lipid wt 
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and 8-69 ng/g lipid wt) and the fishes from Singapore’s marine environment. 
Nevertheless, local fishes had higher galaxolide and tonalide concentrations than 
eelpout muscle from the Baltic Sea (10-26 ng/g lipid wt and <11 ng/g lipid wt) 
[184]. 
 
As commonly used bactericide, triclosan in seawater dissolved phase was not 
monitored in this study, but was detected in our previous study, in which the 
concentrations of triclosan ranged from <0.55 to 10.5 ng/L. Triclosan was 
frequently detected in marine sediment and phytoplankton with mean 
concentrations of 0.082 and 2.85 ng/g dw (detection frequency 88% and 100%), 
respectively, but only occasionally detected in fish with the mean concentrations 
of 1.93 to 9.15 ng/g lipid wt (detection frequency ranged from 0% to 33%), 
showing the possibility that it might not bioaccumulate in the food web. In this 
study, the triclosan levels in the sediment layer were much lower than those in 
surface sediment of Greenwich Bay, Rhode Island, USA (<1 to 32 ng/g dw), 
Narragansett Bay, USA (50-60 ng/g dw) and Jamaica Bay, Long Island, USA 
(600 ng/g dw) [164, 181-183]. The field data regarding levels of triclosan in 
marine fish are rare. One study showed that the mean triclosan level in mussels 
from Greek marine environment was 461 ng/g dw [134], which was much higher 
than the levels in our study. Rüdel et al. (2013) also reported the occurrence of 
triclosan in suspended particulate matter and archived fish samples from German 
rivers (Elbe and Rhine) with concentrations of <MDL and <2-69 ng/g lipid wt, 
respectively [233], while our results showed the ubiquity and higher concentration 
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(lipid base) of triclosan in phytoplankton (suspended particulate matter).  
 
The transformation product of triclosan, methyl triclosan (MTCS) was detected in 
all the seawater samples (mean concentration of 14.8 pg/L in dissolved phase). 
MTCS were ubiquitous in sediment and phytoplankton samples (mean 
concentrations of 0.004 and 0.163 ng/g dw, respectively). Mean concentrations of 
MTCS in fish samples ranged from 0.439 to 3.55 ng/g lipid wt (detection 
frequency ranged from 0% to 100%). Information regarding the occurrence of 
MTCS in marine environment was rare. As a comparison, Lindström et al. (2002) 
reported the occurrence of MTCS in lakes and river in Switzerland at 
concentrations ranging from <0.4 to 2 ng/L [71], which were much higher than 
our results. MTCS was found in suspended particulate matter and archived fish 
samples from German rivers (Elbe and Rhine) with the concentrations of 1-4 ng/g 
dw and 47-1010 ng/g lipid wt, respectively [233]. Occurrence of MTCS was also 
reported at <2 to 365 ng/g lipid wt in fish from various lakes in Switzerland [77]. 
One study in Las Vegas Bay, USA, also showed the much higher levels of MTCS 
in fish (common carp, 596 ng/g ww) [76]. 
 
DPs (syn-DP and anti-DP) were observed in Singapore marine environment, with 
occasional detection in seawater dissolved phase in concentrations of 7.1 and 2.4 
pg/L for anti-DP and syn-DP (detection frequency 22% and 6%), respectively. In 
contrast, DPs were frequently detected in sediment and phytoplankton, with ∑DPs 
mean concentrations of 0.021 and 0.062 ng/g dw, respectively. The levels of anti-
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DP are typically 2-5 times higher than syn-DP in sediment and phytoplankton. 
DPs were also found in pike conger eel, marine catfish and grunter, but with low 
∑DPs mean concentrations (0.924, 1.1 and 1.1 ng/g lipid wt). The levels in 
coastal environment of Northern China (Dalian) were shown to be more 
contaminated by DPs than in Singapore marine environment [49]. In this study, 
DPs had higher concentrations in seawater than levels from Arctic to Antarctica 
(<MDL-1.3 pg/L) [52]. Although the occurrence of DPs in various environmental 
compartments were recorded [44], information on DPs in the marine environment 
is still rare. 
 
HBCDs were detected in sediment, phytoplankton and fish (pike conger eel and 
marine catfish), with the total mean concentrations of 0.045 ng/g dw, 0.536 ng/g 
dw, 7.29 ng/g lipid wt, and 6 ng/g lipid wt, respectively. HBCDs were not 
monitored in seawater samples. Amongst the three HBCD isomers, β-HBCD was 
only detected once in marine sediment, α-HBCD was only detected in two fishes 
but dominated in the fish (mean concentrations: 6-7.29 ng/g lipid wt; detection 
frequency: 25%-36%), ɣ-HBCD dominated in marine sediment (mean 
concentration: 0.044 ng/g dw; detection frequency 79%). In phytoplankton, α-
HBCD and ɣ-HBCD had comparable levels and detection frequencies (0.434 and 
0.411 ng/g dw, 44% and 33%, respectively). These composition patterns of 
HBCD isomers in environment were in accordance with other studies [129-131].  
The levels of HBCDs were higher than the levels in the Eastern Canadian Arctic 
marine food web [129], but much lower than the North Sea food web [130] and a 
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freshwater food web near e-waste recycling site, China [131]. 
 
TBBPA was only detected in sediment and phytoplankton with mean 
concentrations of 0.041 and 1.22 ng/g dw, respectively (detection frequency: 75% 
and 44%; not monitored in seawater). Morris et al. (2004) showed the occurrence 
of TBBPA in the Eastern Canadian Arctic marine food web in fish. Moreover, 
they reported a higher level in the sediment than our study [130]. BTBPE was 
occasionally detected in sediment and phytoplankton with mean concentrations of 
0.071 and 1.01 ng/g dw, respectively (detection frequency: 25% and 6%). HBB 
was sometimes detected in seawater, sediment, pike conger eel and grunter with 
mean concentrations of 138.9 pg/L, 0.022 ng/g dw, 6.76 ng/g lipid wt, and 5.8 
ng/g lipid wt, respectively (detection frequency: 33%, 8%, 21% and 40%). The 
data regarding occurrence of BTBPE and HBB in marine environment are limited. 
Comparatively, the levels in our study were much lower than the levels in a 
freshwater food web near e-waste recycling site, China [131]. PBEB and TBECH 
isomers were not detected in Singapore’s marine environment.  
 
Of the 7 PBDEs monitored, BDEs 47, 99, 100 and 154 were detected in 
Singapore’s marine environment. BDE 154 was only sporadically detected in the 
two fish species (pike conger eel and marine catfish) with detection frequency of 
14% and 9%, respectively. Similar to previous studies, which showed the 
predominance of BDE 47, and high contribution from BDEs 99 and BDE 100 
[127], our study showed the similar profiles of PBDEs in phytoplankton and fish, 
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with BDE 47 accounting for 68.6 ± 28.3% and 79.4 ± 20.0 %, respectively, except 
for the marine catfish, in which BDE 47 and BDE 99 showed similar 
contributions (38.3 ± 9.7% and 42.4 ± 6.4%, respectively). In sediment, BDE 99 
was the most frequently detected congener (29%), while BDE 100 was mostly 
detected cin seawater dissolved phase (17%). ∑PBDEs mean concentrations in 
seawater dissolved phase, sediment, and phytoplankton were 5.4 pg/L, 0.005 ng/g 
dw and 0.095 ng/g dw, respectively. ∑PBDEs mean concentrations in fish ranged 
from 1.61 to 11 ng/g lipid wt. The detected levels of PBDEs in Singapore’s 
marine environment were comparable with previous studies in Singapore 
mangrove [115].  
 
As legacy POPs, PCBs and OCPs were still ubiquitous in Singapore’s marine 
environment. ∑PCBs mean concentrations in seawater dissolved phase, sediment, 
and phytoplankton were 23.5 pg/L, 0.065 ng/g dw, and 0.398 ng/g dw, 
respectively. ∑PCBs mean concentrations in fish ranged from 77.4 to 234.4 ng/g 
lipid wt. Amongst the detected PCB congeners in most samples, PCBs 153, 138, 
and 180 were dominant. ∑OCPs mean concentrations in seawater dissolved phase, 
sediment, and phytoplankton were 57.6 pg/L, 0.041 ng/g dw, and 0.686 ng/g dw, 
respectively. ∑OCPs mean concentrations in fish ranged from 41.4 to 133.6 ng/g 
lipid wt. Amongst OCPs in fishes, ∑DDTs contributed 70.5 ± 15.8%, while 4,4’-
DDE contributed 76.8 ± 10.7% to ∑DDTs. In sediment and phytoplankton, 
∑DDTs were the main contributions with compositions of 97.1 ± 6.2% and 62.4 ± 
31.1%, respectively. The percentages of 4,4’-DDE in ∑DDTs in sediment and 
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phytoplankton were 42.1 ± 15.3% and 68.0 ± 22.7%, respectively. The increased 
percentage of 4,4’-DDE amongst ∑DDTs in sediment, phytoplankton and fish  
was consistent with previous study and well explained by the fact that 4,4’-DDE 
is the major metabolite of DDT [234]. In comparison with previous study in 
Singapore mangrove, levels of PCBs and DDTs became lower in seawater and 
sediment, but still comparable in biota samples [115].  
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Table 5.1. BAFww of HOCs in Singapore’s marine environment (log BAFww with SD in bracket) 
HOCs Log 5000 Phytoplankton Stingray Bamboo Shark Catfish Pike conger eel Snapper Grunter 
Galaxolide 3.7 - 2.24 (0.31) 2.19 (0.33) 2.18 (0.46) 1.72 (0.54) 2.15 (0.41) 1.82 (0.5) 
Tonalide 3.7 - 2.54 (0.32) 2.33 (0.34) 2.17 (0.43) 2.06 (0.52) 2.04 (0.66) 2.05 (0.64) 
Musk xylene 3.7 - - - - - 2.55 (0.25) - 
Musk ketone 3.7 - - - - - 1.67 (0.71) - 
1,2,4-TrCBz 3.7 - - - - 3.63 (1.53) 4.71 (0.1) 3.69 (1.59) 
1,2,3,5 & 1,2,4,5-
TeCBz 
3.7 - - - 2.48 (0.9) - - 2.1 (0.68) 
1,2,3,4- TeCBz 3.7 - - - 2.68 (0.48) - - - 
PeCBz 3.7 - - - - - - - 
HCBz 3.7 - - - 2.43 (1.04) - - - 
γ -Chlordane 3.7 - - - - 3.27 (1.07) - 3.4 (0.92) 
α -Chlordane 3.7 - - - 3.76 (1.09) 4.05 (1.02) 3.55 (0.79) 4.22 (0.3) 
trans-Nonachlor 3.7 - - - 4.14 (0.94) 4.03 (0.87) 4.05 (0.09) 4.18 (0.75) 
cis-Nonachlor 3.7 - - - 3.78 (0.91) - - 3.33 (0.63) 
4,4'-DDE 3.7 - - 4.73 (0.34) 5.31 (0.62) 5.29 (0.51) 4.78 (0.37) 5.31 (0.5) 
4,4'-DDD 3.7 - - - 3.55 (1.07) 4.23 (0.56) - 4.15 (0.87) 
4,4'-DDT 3.7 - - 4.23 (0.07) 4.6 (0.60) 4.79 (0.39) 4.28 (0.16) 4.8 (0.63) 
Endosulfan sulfate 3.7 - - 2.2 (0.96) 2.27 (0.84) 1.76 (0.7) 2.23 (0.98) 2.46 (1.13) 
PCB 8 3.7 - - - - 2.75 (0.46) 3.09 (0.69) 2.8 (0.64) 
PCB 18 3.7 - - - - - - - 
PCB 28 3.7 - 2.86 (0.31) 2.76 (0.69) 3.4 (0.71) 3.38 (0.5) 3.55 (0.47) 3.58 (0.41) 
PCB 52 3.7 - - 3.39 (0.38) 3.77 (0.77) 4.01 (0.43) 3.64 (0.25) 3.85 (0.3) 
PCB 44 3.7 - - - - - 3.17 (0.63) 3.15 (0.62) 
PCB 66 3.7 - - 3.58 (0.37) 3.48 (0.53) 3.93 (0.44) 3.83 (0.31) 3.75 (0.33) 
PCB 101 3.7 - - 4.35 (0.27) 4.47 (0.7) 4.92 (0.36) 4.24 (0.09) 4.61 (0.33) 
PCB 123 3.7 - 4.22 4.11 (0.31) 4.23 (0.82) 4.58 (0.51) 3.4 (0.44) 4.12 (1) 
PCB 118 3.7 - 4.31 (0.08) 4.19 (0.31) 4.57 (0.56) 4.79 (0.43) 4.15 (0.16) 4.51 (0.37) 
PCB 153 3.7 - 5.34 (0.38) 5.09 (0.39) 5.46 (0.69) 5.66 (0.53) 5.08 (0.38) 5.42 (0.6) 
PCB 105 3.7 - 3.94 (0.2) 3.78 (0.28) 4.09 (0.55) 4.24 (0.5) 3.48 (0.63) 4.05 (0.4) 
PCB 138 3.7 - - 4.94 (0.22) 5.31 (0.59) 5.52 (0.42) 4.95 (0.2) 5.33 (0.47) 
PCB 187 3.7 - 5.77 (0.3) 5.11 (0.31) 5.09 (0.99) 5.62 (0.46) 4.94 (0.3) 5.43 (0.65) 
PCB 128 3.7 - - 3.93 (0.41) 4.19 (0.81) 4.56 (0.49) 3.98 (0.32) 4.02 (0.94) 
PCB 167 3.7 - 4.47 (0.35) - - 4.01 (0.65) 3.22 (0.67) 3.51 (0.89) 
PCB 156 3.7 - 4.70 (0.42) - 3.78 (0.93) 4.21 (0.77) - - 
PCB 157 3.7 - - - - 3.6 (0.69) - 3.25 (0.47) 
PCB 180 3.7 - 5.98 (0.13) 5.11 (0.24) 5.41 (0.58) 5.68 (0.38) 5.05 (0.19) 5.27 (0.51) 
PCB 170 3.7 - 5.21 (0.45) 4.66 (0.45) 4.9 (0.73) 5.19 (0.57) 4.51 (0.45) 4.79 (0.62) 
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HBBz 3.7 - - - - - - 2.56 (0.99) 
BDE 47 3.7 - - 3.11 (0.51) 4.09 (0.84) 4.08 (0.67) 3.72 (0.79) 4.05 (0.76) 
BDE 100 3.7 - - - 4 (0.82) 3.71 (0.71) - 3.55 (0.66) 
BDE 99 3.7 - - - 4.41 (0.82) 3.64 (0.6) 3.43 (0.32) - 
syn-DP 3.7 - - - 7.52 (0.81) 7.31 (0.65) - 7.36 (0.68) 
anti-DP 3.7 - - - 7.75 (1.07) 7.18 (1.00) - 7.17 (1.04) 
MTCS 3.7 - - - 2.57 (0.73) - 2.65 (0.25) 2.53 (0.33) 
Triclosan 3.7 - - 0.5 (0.64) - 0.5 (0.55) - 0.37 (0.43) 
Note: Only compounds with detection frequency >=40% were included; some interesting compounds were included even the detection frequency was lower than 40% (but higher 



















Table 5.2. BAFlipid wt of HOCs in Singapore’s marine environment (log BAFlipid wt with SD in bracket) 
HOCs Kow Phytoplankton Stingray Bamboo Shark Catfish Pike conger eel Snapper Grunter 
Galaxolide 5.90 4.32 (1.16) 4.57 (0.31) 4.95 (0.32) 4.55 (0.34) 4.33 (0.49) 4.89 (0.41) 4.39 (0.58) 
Tonalide 5.70 4.96 (0.52) 4.88 (0.32) 5.08 (0.33) 4.54 (0.38) 4.66 (0.43) 4.78 (0.67) 4.61 (0.75) 
Musk xylene 4.90 - - - - - 5.29 (0.25) - 
Musk ketone 4.30 4.53 (0.7) - - - - 4.41 (0.7) - 
1,2,4-TrCBz 4.02 - - - - 6.24 (1.67) 7.45 (0.08) 6.26 (1.72) 
1,2,3,5 & 1,2,4,5-
TeCBz 
4.56 - - - 4.85 (0.71) - - 4.67 (0.77) 
1,2,3,4- TeCBz 4.60 - - - 5.05 (0.4) - - - 
PeCBz 5.17 5.4 (0.94) - - - - - - 
HCBz 5.73 4.83 (0.91) - - 4.79 (0.82) - - - 
γ -Chlordane 6.22 6.07 (0.83) - - - 5.88 (0.95) - 5.97 (0.73) 
α -Chlordane 6.22 6 (0.77) - - 6.13 (0.9) 6.66 (0.91) 6.29 (0.76) 6.79 (0.45) 
trans-Nonachlor 6.35 - - - 6.5 (0.95) 6.63 (0.71) 6.79 (0.1) 6.75 (0.91) 
cis-Nonachlor 6.35 - - - 6.15 (0.66) - - 5.9 (0.48) 
4,4'-DDE 6.51 6.84 (0.4) - 7.49 (0.36) 7.68 (0.44) 7.90 (0.37) 7.52 (0.36) 7.88 (0.43) 
4,4'-DDD 6.02 - - - 5.92 (1.07) 6.83 (0.53) - 6.72 (0.64) 
4,4'-DDT 6.91 6.79 (0.37) - 6.98 (0.02) 6.97 (0.44) 7.4 (0.16) 7.02 (0.19) 7.37 (0.49) 
Endosulfan sulfate 3.66 4.59 (0.93) - 4.96 (1.01) 4.63 (0.74) 4.37 (0.62) 4.97 (0.95) 5.03 (0.96) 
PCB 8 5.02 - - - - 5.36 (0.55) 5.83 (0.71) 5.37 (0.73) 
PCB 18 5.50 5.61 (0.45) - - - - - - 
PCB 28 5.50 5.63 (0.54) 5.19 (0.31) 5.52 (0.69) 5.77 (0.59) 5.99 (0.38) 6.29 (0.46) 6.15 (0.33) 
PCB 52 6.03 5.67 (0.61) - 6.15 (0.41) 6.13 (0.69) 6.62 (0.34) 6.38 (0.23) 6.42 (0.34) 
PCB 44 6.03 - - - - - 5.91 (0.6) 5.72 (0.4) 
PCB 66 6.03 - - 6.33 (0.36) 5.85 (0.38) 6.54 (0.34) 6.57 (0.29) 6.32 (0.24) 
PCB 101 6.40 6.35 (0.51) - 7.11 (0.29) 6.84 (0.85) 7.53 (0.24) 6.98 (0.07) 7.18 (0.44) 
PCB 123 6.40 - 6.56 (NA) 6.87 (0.37) 6.6 (0.93) 7.19 (0.43) 6.14 (0.47) 6.68 (1.17) 
PCB 118 6.40 6.1 (0.21) 6.64 (0.08) 6.94 (0.37) 6.94 (0.34) 7.39 (0.31) 6.89 (0.14) 7.08 (0.46) 
PCB 153 6.99 6.87 (0.45) 7.67 (0.38) 7.84 (0.40) 7.83 (0.52) 8.27 (0.42) 7.82 (0.38) 7.99 (0.66) 
PCB 105 6.40 5.67 (0.28) 6.28 (0.2) 6.54 (0.32) 6.46 (0.36) 6.85 (0.39) 6.22 (0.6) 6.62 (0.47) 
PCB 138 6.99 6.66 (0.43) - 7.69 (0.24) 7.67 (0.39) 8.12 (0.3) 7.69 (0.2) 7.9 (0.56) 
PCB 187 7.36 6.77 (0.37) 8.1 (0.3) 7.86 (0.33) 7.45 (0.84) 8.23 (0.33) 7.68 (0.31) 8 (0.76) 
PCB 128 6.99 5.85 (0.35) - 6.68 (0.44) 6.56 (0.63) 7.17 (0.39) 6.72 (0.32) 6.59 (0.87) 
PCB 167 6.99 - 6.8 (0.35) - - 6.61 (0.53) 5.95 (0.64) 6.08 (0.91) 
PCB 156 6.99 - 7.03 (0.42) - 6.15 (0.72) 6.82 (0.67) - - 
PCB 157 6.99 - - - - 6.21 (0.62) - 5.82 (0.51) 
PCB 180 7.36 6.79 (0.28) 8.31 (0.13) 7.86 (0.22) 7.78 (0.39) 8.29 (0.21) 7.79 (0.2) 7.84 (0.61) 
PCB 170 7.36 6.26 (0.55) 7.54 (0.45) 7.41 (0.45) 7.27 (0.58) 7.8 (0.48) 7.25 (0.45) 7.36 (0.68) 
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HBBz 6.07 - - - - - - 5.13 (1.07) 
BDE 47 6.81 6.02 (0.73) - 5.87 (0.55) 6.46 (0.69) 6.69 (0.51) 6.46 (0.76) 6.62 (0.68) 
BDE 100 7.24 - - - 6.37 (0.6) 6.32 (0.56) - 6.12 (0.74) 
BDE 99 7.32 6.48 (0.32) - - 6.78 (0.65) 6.25 (0.45) 6.17 (0.29) - 
syn-DP 11.27 10.3 (0.42) - - 9.89 (0.76) 9.92 (0.54) - 9.93 (0.65) 
anti-DP 11.27 10.35 (0.89) - - 10.12 (1.11) 9.79 (0.93) - 9.74 (1) 
MTCS 5.22 5.41 (0.41) - - 4.94 (0.54) - 5.39 (0.26) 5.1 (0.31) 
Triclosan 4.76 4.99 (0.33) - 3.26 (0.69) - 3.06 (0.64) - 2.9 (0.38) 
Note: Only compounds with detection frequency >=40% were included; some interesting compounds were included even the detection frequency was lower than 40% (but higher 























Sediment Phytoplankton Stingray Bamboo 
shark 
Catfish Pike conger 
eel 
Snapper Grunter 
Galaxolide -7.19 (0.31) -8.72 (0.88) -8.77 (1.12) -8.52 -8.14 (0.08) -8.54 (0.14) -8.76 (0.37) -8.2 (0.28) -8.49 (0.18) 
Tonalide -8.51 (0.32) -9.28 (0.49) -9.25 (0.41) -9.34 -9.13 (0.08) -9.67 (0.2) -9.55 (0.28) -9.43 (0.59) -9.31 (0.25) 
Musk xylene -14.1 - - - - - - -13.71 (0.25) - 
Musk ketone -13.78 (0.49) -13.91 (0.47) -13.55 (0.5) - - - - -13.67 (0.5) - 
1,2,4-TrCBz -8.89 -7.07 (1.64) - - - - -6.67 (1.67) -5.46 (0.08) -6.79 (1.95) 
1,2,3,5 & 1,2,4,5-
TeCBz -8.7 - - - - -8.41 (0.71) - - -8.39 (0.72) 
1,2,3,4- TeCBz -9.07 -8.53 (0.67) - - - -8.62 (0.4) - - - 
PeCBz -9.9 -9.81 (1.17) -9.67 (0.94) - - - - - - 
HCBz -8.55 (0.46) -9.45 (0.83) -9.45 (0.78) - - -9.49 (0.67) - - - 
γ -Chlordane -10.79 (0.42) - -10.93 (0.71) - - - -11.12 (0.85) - -11.06 (0.69) 
α -Chlordane -10.94 (0.24) - -11.16 (0.73) - - -11.03 (0.87) -10.5 (0.88) -10.87 (0.72) -10.21 (0.16) 
trans-Nonachlor -11.03 - - - - -10.87 (0.95) -10.74 (0.71) -10.59 (0.1) -10.22 (0.03) 
cis-Nonachlor -11.09 - - - - -11.29 (0.66) - - -11.55 (0.55) 
4,4'-DDE -10.99 (0.33) -11.12 (0.52) -10.66 (0.23) - -10.01 (0.14) -9.82 (0.29) -9.6 (0.17) -9.97 (0.14) -9.56 (0.27) 
4,4'-DDD -11.59 -11.42 (0.61) - - - -11.69 (1.07) -10.78 (0.53) - -11.02 (0.67) 
4,4'-DDT -11.99 -12.35 (0.5) -12.1 (0.37) - -11.91 (0.02) -11.93 (0.44) -11.49 (0.16) -11.87 (0.19) -11.49 (0.56) 
Endosulfan sulfate -11.46 (0.53) - -10.53 (0.76) - -10.17 (0.85) -10.49 (0.52) -10.75 (0.31) -10.15 (0.79) -10.39 (0.53) 
PCB 8 -10.38 -9.93 (0.64) - - - - -10.04 (0.55) -9.58 (0.71) -9.84 (0.69) 
PCB 18 -10.3 -10.1 (0.45) -10.2 (0.45) - - - - - - 
PCB 28 -10.14 (0.31) -9.96 (0.62) -10.02 (0.45) -10.45 -10.13 (0.62) -9.88 (0.51) -9.66 (0.23) -9.35 (0.34) -9.45 (0.08) 
PCB 52 -10.21 (0.19) -10.5 (0.49) -10.56 (0.58) - -10.09 (0.36) -10.10 (0.67) -9.61 (0.29) -9.86 (0.13) -9.7 (0.16) 
PCB 44 -10.53 -11.13 (0.47) - - - - - -10.65 (0.6) -10.86 (0.46) 
PCB 66 -10.82 (0.22) -10.97 (0.46) - - -10.52 (0.29) -10.99 (0.31) -10.31 (0.26) -10.28 (0.19) -10.52 (0.1) 
PCB 101 -11.01 -11.16 (0.52) -11.06 (0.51) - -10.3 (0.29) -10.57 (0.85) -9.88 (0.24) -10.43 (0.07) -10.06 (0.22) 
PCB 123 -10.66 - - -10.51 -10.2 (0.37) -10.46 (0.93) -9.87 (0.43) -10.92 (0.47) -9.86 (0.19) 
PCB 118 -10.22 (0.08) -10.56 (0.36) -10.53 (0.19) -9.99 -9.68 (0.36) -9.69 (0.33) -9.23 (0.3) -9.74 (0.11) -9.36 (0.19) 
PCB 153 -11.65 (0.38) -11.96 (0.40) -11.77 (0.24) -10.97 -10.79 (0.14) -10.81 (0.36) -10.37 (0.19) -10.82 (0.05) -10.42 (0.23) 
PCB 105 -10.21 (0.20) -11.01 (0.31) -10.95 (0.20) -10.34 -10.08 (0.25) -10.16 (0.30) -9.77 (0.34) -10.39 (0.57) -9.82 (0.17) 
PCB 138 -11.84 (0.19) -12.20 (0.44) -12.16 (0.39) - -11.13 (0.16) -11.15 (0.34) -10.7 (0.23) -11.14 (0.08) -10.70 (0.21) 
PCB 187 -11.75 (0.30) -12.56 (0.52) -12.34 (0.22) -11.01 -11.25 (0.13) -11.66 (0.79) -10.88 (0.15) -11.43 (0.07) -10.81 (0.24) 
PCB 128 -11.79 (0.31) -13.09 (0.34) -12.92 (0.16) - -12.09 (0.31) -12.21 (0.54) -11.61 (0.23) -12.06 (0.04) -12.03 (0.84) 
PCB 167 -11.18 (0.35) - - -11.37 - - -11.56 (0.4) -12.22 (0.53) -11.79 (0.57) 
PCB 156 -10.8 (0.42) - - -10.76 - -11.65 (0.58) -10.97 (0.52) - - 
PCB 157 -11.29 (0.37) - - - - - -12.07 (0.5) - -12.37 (0.34) 
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PCB 180 -12.41 (0.13) -12.93 (0.41) -12.98 (0.25) -11.46 -11.91 (0.18) -11.99 (0.36) -11.49 (0.16) -11.99 (0.15) -11.68 (0.15) 
PCB 170 -12.36 (0.45) -13.33 (0.52) -13.46 (0.32) -12.17 -12.31 (0.06) -12.45 (0.36) -11.92 (0.17) -12.47 (0.07) -12.14 (0.16) 
HBBz -10.42 (0.81) - - - - - - - -11.19 (0.67) 
BDE 47 -12.41 (0.28) - -13.2 (0.67) - -13.36 (0.48) -12.76 (0.63) -12.53 (0.42) -12.76 (0.71) -12.47 (0.63) 
BDE 100 -13.11 (0.26) - - - - -13.98 (0.53) -14.03 (0.49) - -14.04 (0.62) 
BDE 99 -13.13 (0.23) - -13.98 (0.22) - - -13.68 (0.61) -14.21 (0.38) -14.29 (0.18) - 
TBBPA - -20.18 (0.64) -20.22 (1.23) - - - - - - 
α-HBCD - - -14.11 (0.86) - - -14.45 (0.75) -14.48 (0.63) - - 
γ-HBCD - -13.85 (0.79) -14.21 (0.8) - - - - - - 
syn-DP -16.82 (0.25) -17.46 (0.33) -17.79 (0.34) - - -18.20 (0.72) -18.17 (0.48) - -17.96 (0.48) 
anti-DP -16.6 (0.69) -16.89 (0.36) -17.51 (0.56) - - -17.74 (0.86) -18.08 (0.62) - -17.91 (0.63) 
MTCS -10.86 (0.24) -11.67 (0.56) -10.67 (0.34) - - -11.14 (0.48) - -10.69 (0.1) -11 (0.22) 
Triclosan -11.86 -12.69 (0.61) -11.62 (0.33) - -13.36 (0.69) - -13.5 (0.64) - -13.59 (0.32) 
Note: Only compounds with detection frequency >=40% were included; some interesting compounds were included even the detection frequency was lower than 
40% (but higher than 20%), highlighting as italic numbers; half MDL of compound was allocated; for seawater sample, half MDL was allocated anyway, if 










5.3.2 Bioaccumulation factors (BAFs)  
 
The bioaccumulation behavior of HOCs in Singapore’s marine environment was 
evaluated through bioaccumulation factor (BAFww & BAFlipid wt) and fugacity (f, 
Pa). The estimated BAFs and fugacity are shown in Tables 5.1 to 5.3.  
 
Our results showed that emerging contaminants, including musks, MTCS and 
triclosan, might not accumulate in Singapore’s marine environment, since the 
values of log BAFww of these contaminants in organisms were all below 3.7 (log 
5000), which was the screening criteria adopted by the Environment Canada 
(Canadian Environmental Protection Act, 1999). As for PCBs and OCPs, which 
are well known bioaccumulated contaminants in environment, the typical values 
of log BAFww were above 3.7. However, BAFww is calculated using concentration 
in biota on the wet weight basis, which might not properly reflect the 
bioaccumulation behavior. For example, the log BAFww of PCB 52 for bamboo 
shark and snapper were only 3.39 and 3.64, respectively, showing low 
bioaccumulation potential, which is controversial with the commonly accepted 
concept. It is widely accepted that organic contaminants tend to accumulate in the 
lipid part of biota samples. Therefore, lipid content plays a crucial role in the 
estimation of BAFww, and low lipid content leads to low BAFww. The low lipid 
content of fish tissue (<1%, Appendix 22) in our study could be the main reason 
that some bioaccumulated HOCs failed to pass the criteria of BAFww >5000. 
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BAFlipid wt was calculated using the concentration in biota on lipid weight basis 
and it was applied to better understand the bioaccumulation behavior of HOCs. 
As shown in Figure 5.1, the values of log BAFlipid wt for musks (galaxolide & 
tonalide), BFRs (mainly PBDEs), DPs, triclosan and MTCS in fish were all below 
the 1:1 equilibrium line, which described the theoretical relationship between log 
BAFlipid wt and log KOW, assuming equilibration condition with only lipid-water 
partitioning. The results showed that elimination of contaminants out of body 
and/or reduced uptake dietary could possibly play important roles in the 
bioaccumulation process of these contaminants [120, 228]. In comparison, 
majority of PCBs, OCPs, and chlorobenzenes in fish had log BAFlipid wt values 
above the equilibrium 1:1 line, showing that the concentrations of these 
contaminants in fish were higher than predicted concentrations based on lipid-
water partitioning. This also showed the possibility that the overall accumulation 
rates of these contaminants through respiratory and dietary uptake in fish were 
higher than the elimination rates. However, we also observed that log BAFlipid wt 
values of some PCBs were near or below the equilibrium 1:1 line, even though 
the log KOW values were lower than 7.5. The possible explanation is that the freely 
dissolved concentrations of HOCs in seawater may be overestimated. This 
explanation was also supported by the observed fact that large fractions (76%) of 
legacy POPs (PCBs & OCPs) detected in phytoplankton, in which the dietary 
uptake and elimination of contaminants could be ignored to some extent, had the 

























Figure 5.1. Relationship between log BAF lipid wt and log KOW for fish in Singapore’s 




































Figure 5.2. Fugacities of selected legacy POPs and emerging contaminants in 














5.3.3 Fugacity assessment 
 
Bioaccumulation/biomagnification potential and equilibrium state can be checked 
by comparing fugacity values of HOCs in the corresponding samples (equilibrium 
between compartments A and B: fA =fB; bioaccumulation/biomagnification of 
contaminants in compartment A over B: fA >fB, and vice versa). As shown in 
Table 5.3 and Figure 5.2, large fractions of HOCs had higher fugacity in seawater 
freely dissolved phase than sediment (84%) and phytoplankton (81%). 
Considering the phenomenon observed through application of log BAFlipid wt vs 
log KOW, it was highly possible that the concentrations of HOCs in seawater 
freely dissolved phase were overestimated. This phenomenon has also been 
documented and discussed previously [7, 227, 231]. Although the equation for 
estimating freely dissolved fraction was applied in this study, overestimation is 
still possible, considering that i.) the huge variation of coefficient adopted (KDOC 
=0.08 KOW with 95% confidence limits of a factor of 20), ii.) the relationship 
between KDOC and KOW was developed from freshwater data, which is 
unrepresentative of the situation in seawater, iii.) relatively larger particle might 
not be excluded since glass fiber filter with 1 µm pore size was used in this study, 
causing a coefficient higher than 0.08.  
 
As shown in Table 5.3 and Figure 5.2, the fugacities of HOCs in sediment and 
phytoplankton were comparable, showing possible limited degradation of HOCs 
in the sediment by microorganisms. By assuming that HOCs approached pseudo 
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equilibrium between sediment/phytoplankton and seawater ―real‖ freely dissolved 
phase (fsediment = fphytoplankton = ffreely dissolved phase), it was obvious that musks 
(galaxolide & tonalide), BFRs (BDEs 99 & 100, TBBPA, and HBCDs), DPs, 
triclosan and MTCS did not bioaccumulate in Singapore’s marine environment. 
On the other hand, PCBs and DDTs showed high bioaccumulation potential. The 
conclusion derived through the application of fugacity is consistent with the 

















Table 5.4. Regression results and trophic magnification factors (TMFs) of HOCs in 
Singapore’s coastal marine food web. 
 Slope, m Intercept, b R2 P value TMF 95% CI 
Musks       
Galaxolide 0.069 1.362 0.013 0.408 1.17 0.8-1.71 
Tonalide -0.121 1.352 0.122 0.01 0.76 0.61-0.93 
       
OCPs       
α-Chlordane 0.188 -0.260 0.069 0.058 1.54 0.98-2.42 
trans-Nonachlor 0.508 -0.981 0.320 1.01 × 10-5 3.22 1.99-5.2 
4,4'-DDE 0.358 0.343 0.392 5.29 × 10-7 2.28 1.71-3.04 
4,4'-DDD 0.165 -0.125 0.059 0.08 1.46 0.95-2.25 
4,4'-DDT 0.165 0.239 0.171 0.002 1.46 1.16-1.85 
Endosulfan 
sulfate 
0.025 0.187 0.002 0.755 1.06 0.74-1.52 
       
PCBs       
PCB 28 0.138 -0.589 0.126 0.009 1.37 1.09-1.74 
PCB 52 0.285 -0.691 0.252 1.29 × 10-4 1.93 1.4-2.65 
PCB 66 0.288 -1.155 0.393 5.01 × 10-7 1.94 1.54-2.44 
PCB 101 0.333 -0.450 0.279 4.73 × 10-5 2.15 1.52-3.04 
PCB 123 0.480 -0.965 0.406 2.90 × 10-7 3.02 2.07-4.4 
PCB 118 0.414 -0.480 0.668 8.44 × 10-14 2.59 2.15-3.13 
PCB 153 0.464 -0.040 0.730 3.94 × 10-16 2.91 2.43-3.49 
PCB 105 0.382 -0.864 0.621 2.54 × 10-12 2.41 1.99-2.93 
PCB 138 0.478 -0.433 0.538 4.10 × 10-10 3.01 2.26-4 
PCB 187 0.461 -0.557 0.531 6.19 × 10-10 2.89 2.18-3.83 
PCB 128 0.381 -0.879 0.435 8.00 × 10-8 2.4 1.81-3.18 
PCB 180 0.484 -0.491 0.708 3.08 × 10-15 3.05 2.49-3.73 
PCB 170 0.498 -0.940 0.714 1.82 × 10-15 3.15 2.57-3.86 
       
BFRs       
BDE 47 0.215 -0.438 0.144 0.005 1.64 1.17-2.31 
BDE 100 0.013 -0.274 0.001 0.812 1.03 0.8-1.33 
BDE 99 -0.082 0.108 0.038 0.161 0.83 0.64-1.08 
α-HBCD -0.186 0.368 0.076 0.081 0.65 0.4-1.06 
       
CFRs       
syn-DP -0.170 -0.438 0.137 0.006 0.68 0.51-0.89 
anti-DP -0.227 -0.090 0.134 0.007 0.59 0.41-0.86 
       
MTCS -0.359 0.862 0.272 6.30 × 10-5 0.44 0.3-0.64 
Triclosan -0.814 2.644 0.718 2.79 × 10-12 0.15 0.1-0.22 





























Figure 5.3. Relationship between lipid-normalized concentrations of HOCs and 






























































Trophic Level (TL) 
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5.3.4. Trophic magnification factors (TMFs) 
 
Results of regression analysis between lipid-normalized concentration (log CB) of 
HOCs and trophic levels (TLs) of aquatic species in Singapore marine food web 
are shown in Table 5.4 and Figure 5.3.  TMFs for PCBs ranged from 1.37 to 3.15, 
with the obtained TMF of PCB 153 to be 2.91 (CI=2.43-3.49, P< 0.05, R
2
=0.73). 
The TMFs for 4, 4’-DDE and trans-nonachlor were 2.28 (CI=1.71-3.04, P <0.05, 
R
2
=0.39) and 3.22 (CI=1.99-5.20, P <0.05, R
2
=0.32), respectively. The trophic 
biomagnification behavior of PCBs and OCPs were similar with other studies, and 
the relatively low TMFs in our study was partly due to the exclusion of sea 
bird/mammal as top predator in the food web [122, 196, 235, 236].  
 
Amongst the BFRs, BDE 47 had the highest TMF (1.64, CI=1.17-2.31, P <0.05, 
R
2=0.14), while BDEs 99 & 100 and α-HBCD did not show significant 
relationship between lipid-normalized concentration and trophic level (P >0.05). 
Nevertheless, the low TMFs (0.65-1.03) suggested that these compounds did not 
biomagnify in the investigated food web. TBBPA and ɣ-HBCD were detected 
only in sediment and phytoplankton but the TMFs were not calculated. Taking 
into consideration the occurrence pattern of BFRs in Singapore marine 
environment along with the low BAFlipid wt values compared with the log KOW 
values, and low fugacity in fish compared with phytoplankton and sediment, it 
can be concluded that only BDE 47 (for BFRs) showed trophic biomagnification 
in Singapore’s marine food web, while BDEs 100 & 99, α & ɣ -HBCDs and 
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TBBPA did not biomagnify. A similar bioaccumulation behavior of PBDEs was 
observed in Canadian arctic marine food web [122, 129], and the main reason was 
the debromination induced transition from higher to lower brominated congeners 
[122].   
         
Previous studies showed that ɣ -HBCD do not biomagnify in marine food web, 
but α-HBCD showed trophic biomagnification [129, 130], which differed from 
our results. Studies showed that biotransformation of HBCDs exists and ɣ-HBCD 
is metabolized more quickly than α-HBCD [216, 217, 219], which leads to the 
accumulation of α-HBCD in biota samples. The exact reason for trophic dilution 
of α-HBCD in Singapore’s marine food web is unclear, but suggested the 
existence of other important metabolic pathways. Also, the low detection 
frequency of α-HBCD in Singapore’s marine environment might reduce the 
chance for fish to accumulate this kind of contaminant. Considering the phenolic 
property of TBBPA and the biotransformation mediated by CYP 450 enzymes 
[130, 237], it is reasonable that TBBPA did not show any biomagnification in the 
food web. 
         
TMFs of syn-DP and anti-DP were 0.68 (CI=0.51-0.89, P <0.05, R
2
=0.14) and 
0.59 (CI=0.41-0.86, P <0.05, R
2
=0.13), respectively, showing that these two 
compounds went through trophic dilution in Singapore’s marine food web, in 
which this finding was supported by previous analysis. This is the first time that 
TMFs of DPs were estimated in a marine food web. The results were comparable 
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with TMFs for Lake Ontario aquatic food web (0.44 and 0.34, not statistical 
significant). However, in the same study, TMF of anti-DP in Lake Winnipeg 
aquatic food web was 2.50, showing food web biomagnification [132]. In contrast, 
Wu et al. (2009) showed that both syn-DP and anti-DP were significantly 
biomagnified in a freshwater food web near a e-waste recycling site, with the 
TMFs of 11.3 and 6.6, respectively [222]. Species-specific and compounds-
specific biotransformation rates and unsteady-state conditions in field study for 
DPs were possible reasons for this kind of variation [44, 222].  
         
TMFs of triclosan and MTCS were 0.15 (CI=0.10-0.22, P <0.05, R
2
=0.72) and 
0.44 (CI=0.30-0.64, P <0.05, R
2
=0.27), respectively. For the first time, the trophic 
biomagnification of TCS and MTCS in a marine food web was investigated. 
Results showed that the lipid normalized concentrations of these two compounds 
decreased with increasing trophic level. The previous discussion of BAFlipid wt and 
fugacity also suggested that these two compounds did not biomagnify in the 
investigated marine food web. Coogan et al. (2007 & 2008) investigated the 
bioaccumulation of TCS and MTCS in algae and snail and reported that the BAFs 
of both compounds were lower than 3000 and 1000 in algae and snail respectively 
(H. trivolvis), thus showing low bioaccumulation potential [79, 133]. This is 
consistent with our conclusion. As a phenolic compound, triclosan is easily 
biotransformed to methyl triclosan with the help of various microorganisms in 
wastewater treatment plant [71, 78, 183]. Study also showed that triclosan can be 
metabolized fast in carrot cell culture, while MTCS is unaltered [238]. The 
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trophic dilution of TCS and MTCS could be caused by the high elimination rate in 
fish, since both compounds have relatively low KOW values (TCS: 4.76; MTCS: 
5.22), the reduced dietary uptake was most likely not the limiting factor. However, 
the studies regarding metabolization in fish were rare.  
         
As musks, galaxolide showed a slight biomagnification in the food web (TMF 
=1.17, CI=0.80-1.71, P =0.408, R
2
=0.013), but was not statistically significant. In 
contrast, tonalide showed significant trophic dilution in the food web (TMF =0.76, 
CI=0.61-0.93, P <0.05, R
2
=0.12). Our results were comparable with study in 
Taihu Lake food web [224], but different from the study in a marine food chain 
which showed trophic dilution of galaxolide (TMF not provided) [68]. The 
BAFlipid wt and fugacity data of tonalide supported the conclusion that tonalide did 
not biomagnify in Singapore’s marine food web. Considering the BAFlipid wt and 
fugacity data together with TMF in this study, the low bioaccumulation potential 
in other studies [66, 68, 239], and the fact that galaxolide can be actively 
metabolized by fish [240, 241], galaxolide most likely does not biomagnify in 





Figure 5.4. Relationship between TMF and log KOW in Singapore’s coastal 
marine food web 
 
Correlation between TMF and log KOW was observed (Figure 5.4). There was a 
sharp increase of TMF with increasing log KOW from 5 to 6.5, after which, a sharp 
drop of TMF occurred with increasing log KOW until 8. Compounds with log KOW 
in the range of 6 to 8 showed trophic biomagnification in Singapore’s marine food 
web, with the exceptions for BDEs 99 & 100 and α-HBCD. Conversely, 
compounds with lower log KOW values (<6, i.e. triclosan & MTCS) and higher 
log KOW values (>11, i.e. DPs) experienced trophic dilution in Singapore’s marine 
food web. Moreover, compounds with lower log KOW values are easily eliminated 
out of body, while compounds with higher log KOW values are more difficult for 
organisms to adsorb due to the limited dietary uptake efficiency. In addition, the 
biotransformation of organic compounds in the body of organism may benefit the 




          
In summary, galaxolide, tonalide, triclosan, MTCS, FRs (BDEs 47, 99 & 100, 
HBCDs, TBBPA, syn-DP and anti-DP), PCBs and OCPs (DDTs) were frequently 
detected in Singapore’s marine environment. Majority of contaminants were in 
the seawater filtrate (dissolved phase) instead of seawater filter (particulate 
associated phase). Triclosan, ɣ-HBCD, TBBPA and DPs were more frequently 
detected in sediment and phytoplankton. The other emerging contaminants, such 
as PBEB and TBECH, were not detected. 
          
In Singapore’s coastal marine food web, the bioaccumulation behavior of legacy 
POPs and emerging contaminants were evaluated through BAFs (BAF ww and 
BAF lipid wt), fugacities and TMFs. It is confirmed that PCBs, OCPs (i.e. 4,4’-DDE) 
biomagnified in the tropical marine food web. Amongst PBDEs, only BDE 47 
was found to slightly biomagnify. Galaxolide did not show clear biomagnification 
behavior. As emerging contaminants, triclosan, MTCS, α-HBCD, TBBPA, syn-
DP and anti-DP also did not show biomagnification potential but experienced 










Distribution and Bioaccumulation Behavior of Legacy POPs and Emerging 




The occurrence of hydrophobic organic contaminants (HOCs) in aquatic 
environments can potentially impact ecological health, due to the persistent, 
bioaccumulation and toxicity. Several studies have demonstrated the occurrence 
of HOCs in aquatic ecosystems, including legacy POPs such as polychlorinated 
biphenyls and organochlorine pesticides (OCPs), as well as emerging 
contaminants, including synthetic musks, triclosan (TCS), methyl triclosan 
(MTCS) and halogenated flame retardants (HFRs) [41, 44, 141, 145, 211-217, 
242-245]. Understanding the bioaccumulation behavior of these contaminants is a 
crucial component for effective ecological risk assessment.  
 
Studies of legacy POPs in marine and freshwater food webs have consistently 
demonstrated that PCBs and OCPs (e.g., 4,4’-DDE) exhibit a high degree of 
biomagnification [122, 246-248]. Studies of polybrominated diphenyl ethers 
(PBDEs) have shown that the tetrabromo congener, BDE 47, tends to exhibit the 
greatest biomagnification potential [122, 123, 127, 129]. Studies of 
hexabromocyclododecane (HBCDs) indicate that the α-HBCD isomer tends to 
biomagnify to a greater extent compared to other HBCD isomers [129, 131]. 
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Recent studies have investigated the trophodynamics of other HFRs such as 
HxBBz, PBT, PBEB, BTBPE, demonstrating a range of biomagnification 
behavior [126, 131]. Studies of the chlorinated flame retardant, dechlorane plus 
(DP), indicate divergent bioaccumulation behavior of the two stereoisomers (syn-
DP and anti-DP) [132, 222].  
 
Studies of synthetic musk bioaccumulation are limited [68, 224]. The available 
data for galaxolide (HHCB) and tonalide (AHTN) suggest trophic dilution of 
these common-use polycyclic musk compounds. To our knowledge, the 
bioaccumulation behavior of TCS and its methylated degradation product, methyl 
triclosan (MTCS), in aquatic food chains has not been reported. We have studied 
bioaccumulation behavior of these emerging contaminants in Singapore’s coastal 
marine food web (Chapter 5), results showed the trophic dilution of these 
emerging contaminants. 
 
Mangrove ecosystems play an important role in maintaining biodiversity and 
enhancement of water quality. Mangrove food webs are complex, due to the high 
biodiversity and variable hydrodynamics and tidal flows. The main biological 
components in mangrove food webs include invertebrates (worm, clam, crab, 
prawn, etc.), fish, reptiles and birds. Previous studies of legacy POPs have 
reported the occurrence of legacy POPs in Singapore mangroves [115]. However, 
the mangrove organisms vary widely in habitat-selection and physiology. 
Organisms include sediment-dwelling species (polychaete worms), pelagic water-
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respiring species (zooplankton, fish), aquatic air-breathing species (e.g., monitor 
lizards), as well as fully terrestrial air-breathing organisms (e.g, tree-climbing 
crabs, birds). Thus, mangrove organisms can be exposed to chemical 
contaminants via different environmental media, namely sediment, water and air, 
which is highly species-dependent. Given their unique habitat structure and rich 
biodiversity, studies of mangrove ecosystems provide a unique opportunity to 
conduct comparative assessments of chemical bioaccumulation behavior in 
sediment-dwelling, water-respiring and air-breathing organisms.  
 
The objective of the present study is to conduct field investigations of 
hydrophobic organic contaminants in two local mangrove food webs in Singapore. 
Concentrations of legacy POPs, as well as synthetic musks, HFRs, TCS and 
MTCS  were measured in the ambient environment (air, water, sediment), as well 
as several mangrove organisms, including phytoplankton, invertebrates (clams, 
crabs, etc.), fish and birds. Bioaccumulation metrics such as bioaccumulation 
factors (BAFs), biota-sediment accumulation factors (BSAFs), trophic 
magnification factors (TMFs), as well as chemical fugacity ratios are reported. 
The study provides important information regarding the bioaccumulation behavior 







6.2 Materials and Methods 
 
6.2.1 Chemicals and materials 
 
In this study, the 90 analyzed hydrophobic organic contaminants (HOCs) included 
28 polychlorinated biphenyls (PCBs), 22 organochlorine pesticides (OCPs), 7 
chlorobenzenes, 10 synthetic musks (SMs), 19 brominated flame retardants 
(BFRs), 2 chlorinated flame retardants (CFRs), triclosan and methyl triclosan 
(MTCS). Stable-isotope, carbon-13 (
13
Cx) and deuterium (dx), labelled 
compounds were used as internal surrogate standards (IS) or injection recovery 
standards (RS). For the detailed information of these standards, solvents, and 
other materials, please refer to Chapters 2 & 3 (Sections 2.2 & 3.2 and 
Appendices 1 & 11). 
 
6.2.2 Study area and samples 
 
During the years between 2010 and 2013, samples (sediment, phytoplankton, 
crabs, clams, worms, and fish, etc.) were collected from two mangrove 
ecosystems in Singapore, located at Sungei Buloh Wetland Reserve (SBWR) and 
Sungei Mandai (SMW), respectively (Chapter 4, Figure 4.1). Seawater samples 
(n=3) were collected through water sampler fabricated in-house at 1-2 meters 
above the sea bottom. Sediment samples at SBWR (n=9) and SMW (n=15) were 
collected through solvent-rinsed spoon during low tide time. Phytoplankton 
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samples (n=2) were collected by phytoplankton net (pore size 100 µm) at SBWR. 
Fish samples were collected through net-fishing and the other biota samples 
(crabs, worms, clams, etc.) were collected by hands or solvent-rinsed tweezers 
during low tide time at SBWR and SMW. The detailed information for biota 
samples (size, weight, collection date, etc.) is provided in Appendices 24 & 25.  
 
Field samples were stored in a cooler packed with ice, and delivered to the 
laboratory at National University of Singapore within 12 hours. Seawater samples 
were stored at 4 
o
C and analyzed in 24 hours. Sediment and phytoplankton 
samples were stored at -20 
o
C prior to analysis. Muscle tissue of fish samples 
were excised using solvent-rinsed blades in 24 hours, then stored at -20 
o
C prior 
to analysis. Worms were soaked and rinsed with MilliQ water and pooled together 
to store in solvent-rinsed glass jars at -20 
o
C prior to analysis. Crabs were rinsed 
with MilliQ water and pooled together to store in solvent-rinsed glass jars at -20 
o
C prior to analysis. The samples with hard shell, such as clam and snail, were 
processed to obtain soft tissue only and stored at -20 
o
C prior to analysis. 
 
During field sampling period, passive air samplers (glass filter coated with EVA) 
were deployed for four weeks at SMW. Following deployment, the samplers were 
extracted and analyzed for legacy POPs and emerging contaminants. The 
measured concentration (pg/m
3
) was adopted to evaluate the bioaccumulation 




6.2.3 Extraction and cleanup 
 
The methods of extraction and cleanup of seawater, sediment and biota samples 
were developed and validated before. For the detailed information, please refer to 
Chapter 5 (Section 5.2.3). Pooled samples were analyzed for some biota species, 
including worm, barnacle, crab, clam, snail, common nerite, phytoplankton, 




Quantification of target analytes using GC-MS/MS and LC-MS/MS and QA/QC 
were described in Chapter 5 (Section 5.2.4). 
 
6.2.5 Data analysis 
 
Total organic carbon (TOC) and dissolved organic carbon (DOC) of seawater 
were determined by SHIMADZU TOC analyser (TOC-VCSH). TOC of sediment 
was determined by SHIMADZU analyser (TOC-VCSH with solid sample module, 
SSM-5000A). Lipid content of tissue was estimated gravimetrically on sub-
sample of the extract. 
 
Measured concentrations of HOCs in seawater were expressed as pg/L, and freely 
dissolved concentrations were estimated through the previous described equations 
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(Chapter 5, Section 5.2.5). Measured concentrations of HOCs in sediment were 
expressed on a dry weight basis (ng/g dw) as well as organic carbon corrected 
basis (ng/g OC wt), while concentrations in biota samples were expressed on a 
wet weight basis (ng/g wt) as well as lipid normalized basis (ng/g lipid wt). 
Concentration data are reported as geometric means (GM), with 95% confidence 
intervals (CI). The detection frequency of each HOC in every sample was also 
included.  
 
Bioaccumulation behavior of HOCs in phytoplankton and biota samples were 
evaluated by using bioaccumulation factor (BAFww and BAFlipid wt), which was 
calculated as concentration in phytoplankton or biota sample (ng/kg wt and ng/kg 
lipid wt) divided by freely dissolved concentration in seawater (ng/L). For air-
breathing organisms, the BAFlipid wt relative to air concentration was used 
(concentration in biota sample divided by concentration in air). Biota-sediment 
accumulation factor (BSAF) was calculated as concentration in biota sample 
(ng/kg lipid wt) divided by concentration in sediment (ng/kg OC wt). Fugacities 
(Pa) of HOCs in seawater dissolved phase, phytoplankton and biota sample were 
also estimated to facilitate the evaluation of bioaccumulation behavior. The 
equations for estimating fugacities are shown in Appendix 21 (Chapter 5). 
Trophic magnification factor (TMF) was applied to evaluate the trophic transfer 
of contaminants in the two investigated food webs, the detailed information for 




6.3 Results and Discussion 
 
6.3.1 Occurrence and distribution of HOCs in Singapore mangrove 
ecosystems 
 
Measured concentrations of HOCs in Singapore mangrove samples are 
summarized in Appendices 26 & 27. At the two mangrove sites (Sungei Buloh 
Wetland Reserve, SBWR; Sungei Mandai Wetland, SMW), we observed the 
occurrence of 7 (out of 10) target musk compounds being monitored, including 
galaxolide, tonalide, celestolide, phantolide, traesolide, musk xylene and musk 
ketone. Galaxolide and tonalide were the dominant musk compounds, with mass 
contribution of 96%-99% in sediment, 91%-96% in phytoplankton and 78%-100% 
in biota samples. Musk ketone and celestolide were frequently detected in 
environmental and biological samples. Musk xylene, traesolide and phantolide 
were only occasionally detected, mainly in sediment and invertebrates (such as 
clam). Galaxolide and tonalide were detected in all the sediment and biota 
samples.  
 
Concentrations of musk compounds were generally higher at SMW, compared to 
those at SBWR. Also, concentrations of musk compounds in mangrove were 
higher than off-shore coastal environment in Singapore (East Coast Sea, Chapter 
5). Mean concentrations of galaxolide in sediment were 2.65 and 93.2 ng/g dw at 
SBWR and SMW, respectively. Levels of tonalide in sediment were 0.64 and 25.3 
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ng/g dw at SBWR and SMW, respectively. Occurrences of galaxolide and 
tonalide in marine sediment have been reported before. For example, galaxolide 
and tonalide were detected in sediment at Todos os Santos Bay (Brazil) with 
concentrations of 52.5 and 27.9 ng/g dw, respectively [232]; the two compounds 
were also detected in sediment at Lake Ontario with concentrations of 16 and 0.96 
ng/g dw, respectively [180]. In phytoplankton samples, mean concentrations of 
galaxolide and tonalide were 43.9 and 10.8 ng/g dw, respectively. In biota 
samples, levels of galaxolide ranged from 23.3 (common nerite) to 1371.2 
(halfbeak) ng/g lipid wt at SBWR, and between 240.4 (common nerite) to 
71731.8 (clam) ng/g lipid wt at SMW. Mean concentrations of tonalide ranged 
from 2.55 (common nerite) to 103.8 (ilisha elongate) ng/g lipid wt at SBWR, and 
from 16.0 (common nerite) to 9867.9 (clam) ng/g lipid wt at SMW. The results 
showed that galaxolide and tonalide in biota samples from Singapore’s mangrove 
were much higher levels than eelpout muscle from the North Sea and Baltic Sea 
[184]. No musks were detected in bird samples. 
 
Triclosan (TCS) and its transformation product, methyl triclosan (MTCS), were 
frequently detected at SBWR and SMW. In sediment, both TCS and MTCS were 
detected in all the samples. Mean TCS concentrations in sediments were 1.58 and 
13.5 ng/g dw at SBWR and SMW, respectively, which were comparable with 
concentrations in surface sediment of Greenwich Bay, Rhode Island, USA (<1 to 
32 ng/g dw) [182], and were lower than concentrations in surface sediment of 
Narragansett Bay (50-60 ng/g dw) and Jamaica Bay (600 ng/g dw), USA [181, 
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183]. Mean concentrations of MTCS in sediment were 0.18 and 3.13 ng/g dw at 
SBWR and SMW, respectively, which were comparable with concentrations in 
marine sediment of Barker Inlet, South Australia (< 11 ng/g dw) [75].  TCS was 
not detected in the phytoplankton samples but MTCS was frequently detected 
with a mean concentration of 3.5 ng/g dry wt. In biota samples, mean 
concentrations of TCS ranged from 0.76 (milkfish) to 63.5 ng/g lipid wt (crab) at 
SBWR, and ranged from 12.5 (stone crab) to 447.7 ng/g lipid wt (worm) at SMW. 
In comparison, one study showed that mean triclosan level in mussels from Greek 
marine environment was 461 ng/g dw [134], which was comparable with the 
highest detected concentration in SMW. MTCS, which was detected in all the 
biota samples, exhibited mean concentrations ranging from 3.5 (prawn) to 211.8 
(crab) ng/g lipid wt at SBWR, and from 11.2 (stone crab) to 1778.3 (clam) ng/g 
lipid wt at SMW. In comparison, occurrences of MTCS were reported at <2 to 
365 ng/g lipid wt in fishes from lakes in Switzerland [77],  and at 596 ng/g ww in 
common carp from Las Vegas Bay, USA [76]. Similar to musks, TCS and MTCS 
levels were higher at SMW than at SBWR, and concentrations were higher in 
mangrove than off-shore coastal site in Singapore (East Coast Sea, Chapter 5).   
 
DPs were frequently detected in the sediment of both mangrove sites. At SBWR, 
mean concentrations of syn-DP and anti-DP were 0.034 and 0.079 ng/g dw, 
respectively. At SMW, mean concentrations were 0.111 and 0.134 ng/g dw, 
respectively. DPs were also detected in all phytoplankton samples, with mean 
concentrations of 0.264 and 0.394 ng/g dw for syn-DP and anti-DP, respectively. 
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In sediment, the ratios between concentrations of syn-DP and anti-DP were 2.4 
(SBWR) and 1.4 (SMW), which were lower than the ratio in sediment at off-shore 
coastal site (ratio: 2-5, East Coast Sea, Chapter 5).  DPs were frequently detected 
in biota samples. At SBWR, syn-DP was detected at concentrations from 0.224 
(green chromide) to 2.21 (common nerite) ng/g lipid wt (detection frequency: 25% 
to 100%), and anti-DP was detected at concentrations from 0.365 (ilisha elongate) 
to 2.76 (common nerite) ng/g lipid wt (detection frequency: 25% to 100%). At 
SMW, syn-DP was detected at concentrations from 0.124 (stone crab) to 1.68 
(worm) ng/g lipid wt (detection frequency: 67% to 100%), and anti-DP was 
detected in all the biota samples, at concentrations from 0.15 (stone crab) to 3.87 
(horseshoe crab) ng/g lipid wt. DPs were also occasionally detected in bird 
samples, with concentrations from 2.43 and 4.48 ng/g lipid wt for syn-DP and 
anti-DP (detection frequency: 33% and 67%), respectively. In coastal 
environment of Northern China (Dalian), DPs were detected in sediment at 2.9 
ng/g dw and in oyster at 4.1 ng/g ww [49], which were higher than concentrations 
in Singapore’s mangrove. DPs had the same occurrence pattern observed as 
musks, TCS and MTCS: SBWR was more contaminated than SMW, and 
mangrove ecosystems were more contaminated than off-shore coastal site in 
Singapore (East Coast Sea, Chapter 5). 
 
HBCDs were ubiquitous in sediment at SBWR and SMW, with ∑HBCDs mean 
concentrations of 0.333 and 0.628 ng/g dw, respectively. All three HBCD isomers 
were detected, among which, β-HBCD had the lowest concentrations, α- and ɣ-
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HBCD had higher and similar concentrations. Phytoplankton and bird samples 
were not monitored for HBCDs in this study. In biota samples, α-HBCD was the 
most frequently detected isomer, at concentrations from 1.82 (worm) to 21.7 
(halfbeak) ng/g lipid wt (detection frequency: 40%-100%) at SBWR, and 
concentrations from 3.52 (common nerite) to 54.5 (barnacle) ng/g lipid wt 
(detection frequency: 67%-100%) at SMW. On the other hand, β-HBCD and ɣ-
HBCD were only occasionally detected in worm and crab samples at SMW (β-
HBCD: 4.39 (worm) to 22.4 (tree climbing crab) ng/g lipid wt, detection 
frequency: 8% to 40%; ɣ-HBCD: 9.39 (worm) to 53.5 (tree climbing crab) ng/g 
lipid wt, detection frequency: 40%-67%), and only ɣ-HBCD was detected in one 
worm sample at concentrations of 0.049 ng/g lipid wt at SBWR. These 
composition patterns of HBCD isomers in sediment and biota were similar with 
other studies [129-131]. Similarly, ∑HBCDs concentrations were higher at SMW, 
and mangrove ecosystems were more contaminated than off-shore coastal site in 
Singapore (East Coast Sea, Chapter 5). 
 
TBBPA was ubiquitous in sediment at SBWR and SMW, at mean concentrations 
of 0.08 and 0.036 ng/g dry wt, respectively. However, in biota samples, TBBPA 
was only detected in one fish sample (glass perchlet) at SBWR at concentrations 
of 8.68 ng/g lipid wt, which was lower than the concentrations in organisms from 
North Sea [130]. Phytoplankton and bird samples were not monitored for TBBPA 
in this study. BTBPE, PBEB (only at SMW) and TBECH were only detected in 
sediments. At SBWR, the concentrations of BTBPE and TBECH were 0.08 and 
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0.02 ng/g dw (detection frequency: 100% and 33%), while PBEB was not 
detected. At SMW, the concentrations of BTBPE, PBEB and TBECH were 0.036, 
0.011 and 0.021 ng/g dw (detection frequency: 93%, 7% and 7%), respectively. 
Concentrations of BTBPE and PBEB in mangrove sediments were lower than 
concentrations in sediment of the e-waste recycling site, China (4554 and 132 
ng/g ww) [131]. 1,2,3,4-Tetrabromobenzene was only detected in biota samples, 
at concentrations of 0.71  ng/g lipid wt (rodong snail) (detection frequency: 50%) 
at SBWR, and concentrations of 0.173 (clam) to 1.11 (tree climbing crab) ng/g 
lipid wt (detection frequency: 33% to 75%) at SMW. HBB were frequently 
detected in sediment at SBWR and SMW, at concentrations of 0.012 and 0.064 
ng/g dw (detection frequency: 100% and 93%), and occasionally detected in biota 
samples, at concentrations from 1.01 (worm) to 2.27 (green chromide) ng/g lipid 
wt (detection frequency: 33% to 67%) at SBWR, and from  0.275 (stone crab) to 
1.92 (crab) ng/g lipid wt (detection frequency: 33% to 100%) at SMW, 
respectively. Comparatively, concentrations of HBB in mangrove food webs were 
much lower than concentrations in freshwater food web near e-waste recycling 
site, China (8672 ng/g ww in sediment, >190 ng/g lipid wt in biotas) [131].  
 
Of the 7 PBDEs monitored, only BDE 183 was not detected at the two mangrove 
ecosystems. In sediment, ∑PBDEs mean concentrations ranged from 0.004 to 
0.047 ng/g dw at SBWR, and from 0.002 to 0.136 ng/g dw at SMW. In biota 
samples, ∑PBDEs mean concentrations ranged from 1.44 to 39.6 ng/g lipid wt at 
SBWR, and from 3.47 to 339.2 ng/g lipid wt at SMW. BDEs 47 and 99 accounted 
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for over 90% contributions in most of the samples, and BDE 47 was at higher 
levels than BDE 99. BDE 153 was only detected in two biota samples: halfbeak at 
SBWR (2.64 ng/g lipid wt, detection frequency: 33%) and tree climbing crab at 
SMW (3.89 ng/g lipid wt, detection frequency: 38%). BDE 28 was only detected 
in biota samples at concentrations from 0.219 (milkfish) to 2.42 (crab) ng/g lipid 
wt at SBWR (detection frequency: 17%-100%), and from 0.144 (stone crab) to 
2.43 (tree climbing crab) ng/g lipid wt at SMW (detection frequency: 33%-100%). 
In bird samples, only BDE 183 was not detected. ∑PBDEs mean concentrations 
ranged from 2.83 to 13.0 ng/g lipid wt, in which BDE 47 and BDE 99 accounted 
for 63 ± 32%. As observed, PBDEs concentrations were higher at SMW, and 
again, mangrove ecosystems were more contaminated than off-shore coastal site 
in Singapore (East Coast Sea, Chapter 5). 
 
Legacy POPs, PCBs, OCPs and chlorobenzenes were ubiquitous in Singapore 
mangrove ecosystems, as same off-shore site (East Coast Sea, Chapter 5). In 
sediment, ∑PCBs ranged from 0.258 to 0.474 ng/g dw at SBWR, and from 0.501 
to 1.32 ng/g dw at SMW; ∑OCPs ranged from 0.604 to 1.04 ng/g dw at SBWR, 
and from 1.25 to 2.85 ng/g dw at SMW; ∑chlorobenzenes ranged from 0.051 to 
0.19 ng/g dw at SBWR, and from 0.07 to 0.422 ng/g dw at SMW. In biota 
samples, ∑PCBs ranged from 25.8 to 326.4 ng/g lipid wt at SBWR, and from 10.6 
to 353.3 ng/g lipid wt at SMW; ∑OCPs ranged from 48.1 to 813.5 ng/g lipid wt at 
SBWR, and from 40.9 to 1300.6 ng/g lipid wt at SMW as well as 
∑chlorobenzenes ranged from 1.94 to 1980.8 ng/g lipid wt at SBWR, and from 
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0.426 to 55.5 ng/g lipid wt at SMW. In bird samples, ∑PCBs ranged from 18.8 to 
47.6 ng/g lipid wt, ∑OCPs ranged from 14.7 to 28.2 ng/g lipid wt, and 
∑chlorobenzenes ranged from 2.12 to 4.41 ng/g lipid wt. As observed, these 
legacy POPs also had higher levels at SMW in comparison with SBWR, and 
mangrove ecosystems were more contaminated than off-shore coastal site in 
Singapore (East Coast Sea, Chapter 5). 
 
6.3.2 Bioaccumulation factors (BAFs) 
 
Estimated BAFs of musks, TCS, MTCS, HFRs, PCBs, OCPs and chlorobenzenes 
for fish (water breathing) and common nerite, acorn barnacle, rodong snail, crab, 
tree climbing crab, and white bellied sea eagle (air breathing or exposed to air 
during low tide time in mangrove ecosystem) are summarized in Appendices 28 



























Figure 6.1. Relationship between log BAF lipid wt and log KOW for air-breathing 























































































Figure 6.2. Relationship between log BAF lipid wt and log KOA for air-breathing 















Figure 6.1 showed that log BAFlipid wt values of PCBs (fish) generally increased 
with increasing log KOW and a drop was observed when log KOW was higher than 
7.5, which was in accordance with previous studies [249]. Log BAFlipid wt values 
of OCPs for fish samples also increased with increasing log KOW. It is observed 
that log BAFlipid wt values of PCBs, OCPs and chlorobenzenes generally were 
above the 1:1 equilibrium line, which describes the theoretical relationship 
between log BAFlipid wt and log KOW, assuming that only lipid-water partitioning 
happens and the partitioning reaches equilibration. However, not all the log 
BAFlipid wt values of PCBs, OCPs and chlorobenzenes were above the equilibrium 
line since the complex environment factors, metabolism difference and species 
difference may play important roles. Also, the overestimated ―real‖ freely 
dissolved concentrations of contaminants in sea water sample may be another 
possible reason, which has been described by [227, 231] and discussed in Chapter 
5 (Sections 5.32 & 5.3.3). In comparison, log BAFlipid wt values of BDE 47 for fish 
were above or near the equilibrium line, but log BAFlipid wt values of other PBDEs 
for fish were generally below the equilibrium line. Except for possible 
contribution from dietary uptake that resulted in an accumulation of BDE 47, the 
debromination of higher brominated congeners to lower ones may also contribute 
to the accumulation of BDE 47 in fish [122, 250]. It is also interesting to note that 
log BAFlipid wt values of musks, TCS, MTCS and DPs for fish were below the 
equilibrium line, showing the high possibility that these emerging contaminants 




Figure 6.2 showed that log BAFlipid wt values of HOCs for air-breathing organisms 
had a strong relationship with log KOA. Log BAF lipid wt values increased linearly 
with increasing log KOA. It is noted that log BAFlipid wt values in white bellied sea 
eagle were all above the 1:1 equilibrium line, except for 4,4-DDT, which is a 
well-known pesticide and can be biodegraded easily [251]. In compasison, the log 
BAFlipid wt values of HOCs for common nerite were near the equilibrium line, and 
log BAFlipid wt values of HOCs for other species (crab, tree climbing crab, etc.) 
were generally above the equilibrium line. White bellied sea eagle occupied the 
highest trophic level (TL=4) in this study, and common nerite occupied the lowest 
trophic level (TL=2) amongst consumers. The behavior of HOCs in air-breathing 
organisms at different trophic levels showed that these HOCs had high 
bioaccumulation potential.  
 
Previous studies showed that HOCs with low KOW but high KOA may show 
bioaccumulation in air-breathing organisms, even though the HOCs may not 
bioaccumulate in fish, in which this phenomenon was well described by BC Kelly 
et al. (2007) [120]. In this study, not only did β-HCH showed similar behavior as 
previous study, the emerging contaminants, including galaxolide, tonalide, musk 
ketone and MTCS, also showed the same trend (log KOA values: 8.2, 8.5, 12.0 and 
9.2; log KOW values: 5.9, 5.7, 4.3 and 5.22) (Figures 6.1 & 6.2). This is the first 





6.3.3 Biota-sediment accumulation factors (BSAFs) 
 
Estimated BSAFs of musks, TCS, MTCS, HFRs, PCBs, OCPs and 
chlorobenzenes in worm, clam, and rodong snail samples (sediment-dwelling 
organisms) are summarized in Appendix 31.  
 
Figure 6.3 showed that log BSAF values of PBDEs, PCBs, OCPs, chlorobenzenes, 
musks and MTCS for worm, clam and rodong snail were generally above the 
sediment-biota equilibrium line (the partition ratio of HOC between lipid 
normalized biota and organic carbon normalized sediment is 2.88 or 0.46 after log, 
respectively) [252], implying that these sediment-dwelling organisms might 
accumulate HOCs through diet and cannot be eliminated out of body efficiently. 
Interestingly, the log BSAF values of HBCDs for sediment-dwelling organisms 
were above the equilibrium line at SMW, but below the equilibrium line at SBWR. 
We also observed that concentrations of HBCDs at SMW were higher than 
SBWR but the mechanisms leading to the different BSAFs were unclear. It is 
observed that TCS and DPs were always below the equilibrium line, showing less 
bioaccumulation potential. The possible reasons may be the degradation of TCS 
by organisms and low uptake efficiency of DPs due to the high KOW values. The 
relationship between log BSAF values and log KOW of PCBs was observed 
(Figure 6.3), showing increased log BSAF values with increasing log KOW, but a 
drop was observed when log KOW exceeded 7.5, which may be caused by the low 

























Figure 6.3. Relationship between log BSAF and log KOW for sediment-dwelling 












6.3.4 Fugacity assessment 
 
Estimated fugacities of musks, triclosan, MTCS, HFRs, PCBs, OCPs and 
chlorobenzenes at two mangrove ecosystems are summarized in Appendices 32-
34.  
 
As shown in Figure 6.4, PCB 153 showed obvious bioaccumulation in the three 
food webs in mangrove ecosystem: aquatic, terrestrial and benthic food webs. In 
comparison with PCB 153, galaxolide did not show bioaccumulation potential in 
aquatic food web, but showed bioaccumulation in the benthic food web; in 
terrestrial food web, fugacities of galaxolide did not show a clear trend, and 
galaxolide was not detected in white bellied sea eagle. The complex behavior of 
galaxolide in different food webs was possible due to the different metabolism 
efficiency of organisms, since the uptake efficiency is not a limiting factor for 
galaxolide (log KOW 5.9). Both α-HBCD and syn-DP had lower fugacities in 
worms and snails than in sediment, which was possible due to the limited 
bioavailability of these two contaminants in sediment and low uptake efficiency, 
since compounds have relative high log KOW (7.7 and 11.3). As the 
transformation product of TCS, MTCS had higher fugacities in worms and snails 
than sediment, but TCS had higher fugacities in sediment. It is highly possible 
that the biotransformation of TCS to MTCS in the body led to the 
bioaccumulation of MTCS in worm and snail. Fugacity data showed the similar 
bioaccumulation behavior of HOCs as described by BAFs and BSAFs (Refer to 
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the Appendices 32-34 for the detailed information of fugacities of other HOCs in 

























Figure 6.4. Fugacities of HOCs in Singapore mangrove ecosystems    


















Table 6.1. Regression results and trophic magnification factors (TMFs) of HOCs in Singapore’s mangrove food web (SBWR). 
SBWR Inclusion of bird in food web  Exclusion of bird in food web 
 Slope, m Intercept, b R2 P value TMF 95% CI  Slope, m Intercept, b R2 P value TMF 95% CI 
Galaxolide -0.541 3.734 0.152 0.003 0.29 0.13-0.65  0.188 2.030 0.038 0.167 1.54 0.83-2.86 
Tonalide -0.035 1.648 0.002 0.765 0.92 0.54-1.58  0.170 1.170 0.029 0.225 1.48 0.78-2.80 
Musk Ketone -0.095 0.704 0.005 0.607 0.80 0.35-1.87  -0.259 1.089 0.025 0.261 0.55 0.19-1.58 
1,2,4-TrCBz -0.298 1.039 0.008 0.508 0.50 0.06-3.96  -0.209 0.832 0.003 0.712 0.62 0.05-8.40 
1,2,3,5 & 1,2,4,5-TeCBz 0.000 -0.221 1.91E-7 0.997 1.00 0.55-1.81  -0.009 -0.199 6.24E-5 0.956 0.98 0.46-2.07 
1,2,3,4- TeCBz 0.029 -0.348 0.002 0.765 1.07 0.68-1.68  -0.074 -0.107 0.008 0.532 0.84 0.49-1.45 
PeCBz 0.205 -0.240 0.075 0.043 1.60 1.02-2.53  0.193 -0.211 0.068 0.062 1.56 0.98-2.48 
HCBz 0.396 -0.504 0.137 0.005 2.49 1.32-4.67  0.457 -0.648 0.144 0.005 2.87 1.38-5.94 
α-HCH 0.300 -1.272 0.064 0.061 2.00 0.97-4.12  0.286 -1.239 0.040 0.156 1.93 0.77-4.83 
ɣ-HCH 0.256 -0.553 0.042 0.135 1.80 0.83-3.93  0.324 -0.710 0.044 0.135 2.11 0.79-5.64 
Heptachlor epoxide 0.342 -0.508 0.088 0.028 2.20 1.09-4.42  -0.040 0.385 0.001 0.81 0.91 0.42-1.96 
ɣ-Chlordane 0.499 -0.191 0.315 8.22E-06 3.16 1.98-5.03  0.258 0.371 0.104 0.02 1.81 1.10-2.98 
α-Chlordane 0.436 -0.192 0.111 0.013 2.73 1.25-5.96  0.156 0.462 0.012 0.44 1.43 0.57-3.62 
trans-Nonachlor 0.636 -0.443 0.262 6.40E-05 4.33 2.20-8.52  0.354 0.218 0.080 0.043 2.26 1.03-4.95 
cis-Nonachlor 0.503 -0.552 0.134 0.006 3.19 1.42-7.17  0.305 -0.088 0.043 0.14 2.02 0.79-5.16 
Dieldrin 0.231 0.931 0.052 0.093 1.70 0.91-3.18  -0.060 1.612 0.003 0.693 0.87 0.43-1.75 
4,4'-DDE 0.415 1.001 0.322 6.27E-06 2.60 1.77-3.81  0.212 1.473 0.105 0.019 1.63 1.09-2.45 
4,4'-DDD 0.648 -1.463 0.102 0.017 4.45 1.32-15.03  0.282 -0.607 0.015 0.383 1.91 0.44-8.42 
4,4'-DDT 0.276 -0.456 0.068 0.055 1.89 0.99-3.61  0.235 -0.360 0.036 0.176 1.72 0.78-3.79 
Endosulfan sulfate -0.115 1.663 0.018 0.327 0.77 0.45-1.31  0.276 0.750 0.109 0.017 1.89 1.13-3.16 
PCB 8 0.230 -1.403 0.032 0.194 1.70 0.76-3.81  0.077 -1.045 0.003 0.72 1.19 0.44-3.21 
PCB 18 0.018 -0.274 2.25E-4 0.914 1.04 0.48-2.28  0.253 -0.821 0.029 0.226 1.79 0.69-4.65 
PCB 28 0.284 0.170 0.149 0.004 1.92 1.25-2.96  0.118 0.559 0.030 0.221 1.31 0.85-2.04 
PCB 52 0.174 0.223 0.043 0.13 1.49 0.89-2.52  0.278 -0.019 0.112 0.015 1.90 1.14-3.16 
PCB 44 0.169 -0.286 0.036 0.166 1.48 0.85-2.58  0.387 -0.795 0.128 0.009 2.44 1.26-4.72 
PCB 66 0.370 -0.228 0.239 1.54E-04 2.34 1.54-3.56  0.128 0.337 0.039 0.162 1.34 0.89-2.03 
PCB 101 0.490 -0.285 0.258 7.41E-05 3.09 1.83-5.24  0.325 0.101 0.105 0.019 2.11 1.14-3.94 
PCB 123 0.598 -1.979 0.132 0.006 3.97 1.50-10.48  0.298 -1.278 0.028 0.239 1.99 0.62-6.32 
PCB 118 0.549 -0.411 0.283 2.97E-05 3.54 2.03-6.17  0.311 0.145 0.094 0.027 2.05 1.09-3.85 
PCB 153 0.590 -0.099 0.427 6.48E-08 3.89 2.52-6.00  0.334 0.500 0.193 0.001 2.16 1.38-3.37 
PCB 105 0.535 -0.955 0.206 4.95E-04 3.43 1.76-6.67  0.263 -0.320 0.048 0.12 1.83 0.85-3.97 
PCB 138 0.576 -0.284 0.394 2.97E-07 3.76 2.39-5.92  0.300 0.361 0.151 0.004 1.99 1.25-3.17 
PCB 187 0.568 -0.539 0.443 2.95E-08 3.70 2.47-5.53  0.316 0.049 0.209 6.58E-04 2.07 1.38-3.10 
PCB 128 0.496 -0.918 0.224 2.64E-04 3.13 1.74-5.63  0.158 -0.128 0.027 0.244 1.44 0.77-2.68 
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PCB 167 0.447 -1.389 0.180 0.001 2.80 1.53-5.13  0.169 -0.739 0.030 0.218 1.48 0.79-2.76 
PCB 156 0.516 -1.377 0.222 2.88E-04 3.28 1.78-6.07  0.272 -0.806 0.068 0.062 1.87 0.97-3.61 
PCB 180 0.609 -0.566 0.434 4.46E-08 4.06 2.61-6.31  0.327 0.093 0.194 0.001 2.12 1.37-3.28 
PCB 170 0.471 -0.565 0.223 2.77E-04 2.95 1.69-5.16  0.141 0.204 0.025 0.265 1.38 0.78-2.47 
PCB 195 0.478 -1.962 0.115 0.011 3.00 1.30-6.96  0.189 -1.288 0.016 0.372 1.55 0.59-4.09 
PCB 206 0.288 -1.498 0.048 0.109 1.94 0.86-4.39  -0.042 -0.725 8.87E-4 0.834 0.91 0.36-2.30 
BDE 47 0.520 -0.612 0.223 2.75E-04 3.31 1.79-6.13  0.191 0.156 0.034 0.189 1.55 0.80-3.02 
BDE 100 0.433 -1.549 0.104 0.017 2.71 1.21-6.09  0.058 -0.671 0.002 0.761 1.14 0.48-2.74 
BDE 99 0.233 -1.012 0.027 0.228 1.71 0.71-4.14  -0.428 0.535 0.104 0.02 0.37 0.16-0.85 
syn-DP -0.301 0.167 0.040 0.143 0.50 0.20-1.27  -0.583 0.824 0.102 0.021 0.26 0.08-0.81 
anti-DP -0.261 0.109 0.027 0.229 0.55 0.20-1.48  -0.673 1.072 0.128 0.009 0.21 0.07-0.67 
MTCS -0.531 2.802 0.210 4.36E-04 0.29 0.15-0.57  -0.064 1.713 0.004 0.643 0.86 0.46-1.63 
Triclosan -0.344 1.677 0.018 0.394 0.45 0.07-2.90  -0.344 1.677 0.018 0.394 0.45 0.07-2.90 
α-HBCD 0.745 -1.813 0.126 0.019 5.55 1.34-23.02  0.745 -1.813 0.126 0.019 5.55 1.34-23.02 













Table 6.2. Regression results and trophic magnification factors (TMFs) of HOCs in Singapore’s mangrove food web (SMW). 
SMW Inclusion of bird in food web  Exclusion of bird in food web 
 Slope, m Intercept, b R2 P value TMF 95% CI  Slope, m Intercept, b R2 P value TMF 95% CI 
Celestolide -0.079 1.389 0.002 0.81 0.83 0.18-3.83  0.671 -0.582 0.063 0.147 4.68 0.56-38.87 
Galaxolide -1.467 7.246 0.285 5.50E-04 0.03 0.01-0.21  0.162 2.963 0.005 0.702 1.45 0.20-10.28 
Tonalide -0.520 3.914 0.075 0.096 0.30 0.07-1.25  0.274 1.826 0.013 0.508 1.88 0.28-12.84 
Musk Ketone -0.675 3.967 0.179 0.008 0.21 0.07-0.65  -0.248 2.845 0.016 0.476 0.57 0.11-2.82 
1,2,3,5 & 1,2,4,5-TeCBz 0.203 -0.905 0.035 0.26 1.60 0.70-3.66  0.292 -1.139 0.036 0.276 1.96 0.57-6.74 
1,2,3,4- TeCBz 0.467 -1.841 0.137 0.022 2.93 1.18-7.29  0.438 -1.767 0.068 0.131 2.74 0.73-10.35 
PeCBz 0.465 -1.202 0.149 0.017 2.92 1.23-6.91  0.501 -1.298 0.128 0.035 3.17 1.09-9.20 
HCBz 0.365 -0.657 0.048 0.187 2.32 0.65-8.22  0.271 -0.412 0.016 0.476 1.87 0.32-10.90 
α-HCH 0.367 -1.206 0.070 0.109 2.33 0.82-6.62  0.627 -1.890 0.100 0.064 4.24 0.92-19.65 
β-HCH -0.050 1.020 0.002 0.774 0.89 0.40-2.00  0.040 0.784 0.001 0.85 1.10 0.41-2.94 
ɣ-HCH 0.409 -1.231 0.058 0.146 2.56 0.71-9.29  0.517 -1.514 0.046 0.216 3.29 0.48-22.44 
Heptachlor Epoxide 1.062 -1.991 0.445 4.73E-06 11.54 4.59-29.03  1.355 -2.760 0.413 3.18E-05 22.63 6.06-84.58 
ɣ-Chlordane 0.819 -0.939 0.238 0.002 6.59 2.10-20.63  0.694 -0.611 0.104 0.059 4.95 0.94-26.01 
α-Chlordane 0.876 -1.451 0.139 0.021 7.51 1.38-40.88  0.628 -0.800 0.040 0.248 4.25 0.35-51.75 
trans-Nonachlor 0.987 -1.364 0.380 3.72E-05 9.71 3.64-25.88  0.715 -0.647 0.146 0.023 5.18 1.27-21.18 
cis-Nonachlor 0.945 -1.884 0.262 0.001 8.81 2.57-30.24  0.839 -1.605 0.141 0.026 6.90 1.28-37.28 
Dieldrin 1.154 -1.551 0.419 1.12E-05 14.26 4.95-41.08  1.503 -2.467 0.405 4.00E-05 31.81 7.20-140.59 
4,4'-DDE 0.806 -0.252 0.568 4.68E-08 6.39 3.70-11.04  0.581 0.340 0.298 6.87E-04 3.81 1.84-7.87 
4,4'-DDD 0.540 -0.251 0.166 0.011 3.47 1.35-8.91  0.324 0.316 0.036 0.276 2.11 0.54-8.30 
4,4'-DDT 0.126 0.144 0.019 0.414 1.34 0.66-2.72  0.024 0.411 4.30E-4 0.906 1.06 0.41-2.76 
Endosulfan sulfate -0.239 1.524 0.029 0.308 0.58 0.20-1.70  0.162 0.468 0.007 0.626 1.45 0.31-6.83 
PCB 8 0.663 -2.488 0.174 0.009 4.60 1.49-14.20  0.857 -2.998 0.157 0.018 7.20 1.43-36.34 
PCB 18 0.151 -0.898 0.005 0.659 1.42 0.29-6.90  0.646 -2.199 0.050 0.197 4.42 0.44-44.08 
PCB 28 0.686 -0.973 0.348 9.79E-05 4.86 2.34-10.09  0.685 -0.970 0.261 0.002 4.84 1.89-12.41 
PCB 52 0.587 -1.287 0.103 0.05 3.86 1.00-14.89  0.968 -2.287 0.166 0.015 9.28 1.58-54.56 
PCB 44 0.462 -1.501 0.061 0.135 2.89 0.71-11.84  0.959 -2.808 0.129 0.034 9.09 1.20-69.13 
PCB 66 0.992 -2.247 0.457 3.23E-06 9.83 4.23-22.81  0.812 -1.773 0.239 0.003 6.49 1.99-21.11 
PCB 101 1.160 -2.742 0.390 2.76E-05 14.46 4.68-44.72  0.950 -2.188 0.183 0.01 8.90 1.73-45.79 
PCB 77 0.682 -2.326 0.221 0.003 4.81 1.78-13.04  0.647 -2.234 0.118 0.044 4.44 1.05-18.84 
PCB 123 0.661 -1.424 0.182 0.008 4.59 1.54-13.66  0.634 -1.352 0.101 0.063 4.31 0.92-20.19 
PCB 118 0.902 -1.454 0.513 4.21E-07 7.98 4.03-15.81  0.641 -0.769 0.244 0.003 4.38 1.74-11.00 
PCB 153 1.020 -1.504 0.595 1.43E-08 10.47 5.44-20.14  0.665 -0.570 0.293 7.85E-04 4.62 1.99-10.72 
PCB 105 0.898 -1.895 0.551 9.63E-08 7.91 4.21-14.88  0.680 -1.322 0.297 7.06E-04 4.79 2.04-11.24 
PCB 138 1.096 -1.911 0.510 4.75E-07 12.48 5.41-28.80  0.817 -1.177 0.243 0.003 6.56 2.02-21.29 
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PCB 187 1.067 -2.214 0.526 2.56E-07 11.67 5.31-25.66  0.731 -1.331 0.236 0.003 5.39 1.84-15.77 
PCB 128 0.994 -2.395 0.472 1.89E-06 9.86 4.35-22.35  0.614 -1.396 0.171 0.013 4.11 1.37-12.37 
PCB 167 0.840 -2.633 0.293 4.44E-04 6.91 2.51-19.06  0.442 -1.587 0.073 0.118 2.77 0.76-10.04 
PCB 156 0.936 -2.744 0.337 1.31E-04 8.62 3.11-23.93  0.607 -1.880 0.123 0.039 4.05 1.08-15.21 
PCB 157 0.930 -3.247 0.392 2.61E-05 8.51 3.46-20.95  0.566 -2.290 0.128 0.035 3.68 1.10-12.26 
PCB 180 1.204 -2.776 0.317 2.32E-04 15.99 4.04-63.23  0.658 -1.341 0.071 0.121 4.55 0.66-31.51 
PCB 170 1.064 -2.577 0.450 4.03E-06 11.60 4.64-28.98  0.573 -1.286 0.131 0.033 3.74 1.12-12.47 
BDE 28 0.474 -1.885 0.054 0.161 2.98 0.63-13.95  -0.273 0.079 0.011 0.548 0.53 0.06-4.40 
BDE 47 0.544 -0.250 0.274 7.42E-04 3.50 1.76-6.98  0.141 0.812 0.018 0.441 1.38 0.59-3.22 
BDE 100 0.518 -1.248 0.144 0.019 3.30 1.23-8.82  0.158 -0.300 0.011 0.554 1.44 0.42-4.95 
BDE 99 0.799 -1.809 0.231 0.002 6.30 2.02-19.59  0.461 -0.919 0.051 0.193 2.89 0.57-14.65 
syn-DP -0.036 0.015 0.001 0.822 0.92 0.44-1.94  0.070 -0.265 0.003 0.76 1.18 0.40-3.41 
anti-DP 0.012 0.155 1.80E-4 0.936 1.03 0.51-2.09  0.002 0.183 2.08E-6 0.993 1.00 0.38-2.67 
MTCS -1.098 5.199 0.284 5.79E-04 0.08 0.02-0.31  0.163 1.883 0.009 0.598 1.45 0.35-6.09 
Triclosan -0.043 2.346 0.001 0.861 0.91 0.29-2.87  -0.043 2.346 0.001 0.861 0.91 0.29-2.87 
α-HBCD 0.144 0.782 0.006 0.682 1.39 0.27-7.18  0.144 0.782 0.006 0.682 1.39 0.27-7.18 





























Figure 6.5. Relationship between lipid-normalized concentrations of HOCs and 



























































































Figure 6.6. Relationship between lipid-normalized concentrations of HOCs and 





























































Trophic Level (TL) 
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6.3.5 Trophic magnification factors (TMFs) 
 
Results of regression analysis between lipid-normalized concentrations (log CB) 
of HOCs and trophic levels (TL) of organisms in Singapore mangrove ecosystems 
are shown in Tables 6.1 & 6.2 and Figures 6.5 & 6.6. 
 
Previous studies showed that inclusion of birds in aquatic food webs can increase 
the TMF values [122, 196, 235, 236]. As shown in Figure 6.7, we observed the 
similar influence on TMF values of PCBs, OCPs, and PBDEs in Singapore 
mangrove food webs. The chlorobenzenes were less influenced. DPs had higher 
TMF values when birds were included in the food web at SBWR, while it was 
vice versa at SMW. DPs had higher concentration levels at SMW than SBWR, 
and birds collected in this study had large foraging area in Singapore, which 
partly explains. In comparison, musks and MTCS had lower TMF values when 
birds were included in the food webs. In fact, the concentrations of musks and 
MTCS in birds were all below the detection limits. It is highly possible that birds 
(sea eagle in this study) could metabolize musks more efficiently than 
invertebrates and fishes (such as worm, clam, halfbeak, green chromide, milkfish, 
etc.). Birds not only accumulate MTCS from the air and dietary, the 
biotransformation of triclosan to MTCS may also contribute. The reasons that 









































































TMFs of HOCs were generally higher in the food web of SMW than SBWR, 
showing the influence of food web composition. At SMW, the food web mainly 
constituted of invertebrates and birds, such as crabs, worms, clams, and sea eagle; 
while at SBWR, the food web mainly constituted of fish (halfbeak, green 
chromide and milkfish, etc.), invertebrates (worms, crabs, etc.) and birds. Based 
on the evaluation results of HOCs in the two mangrove food webs through the 
application of BAFs, BSAFs and fugacities, it seemed that invertebrates (such as 
worms and clams) had low metabolism capacity for HOCs. The accumulated 
HOCs in invertebrate could explain the high TMFs in the food web of SMW.  
 
As shown in Tables 6.1 & 6.2 and Figure 6.8, TMFs of PCBs, OCPs and 
chlorobenzenes were typically larger than 1, showing the trophic magnification of 
these legacy POPs in the two investigated mangrove food webs. For example, 
TMFs of PCB 153 in the food webs of SBWR and SMW were 3.89 (CI=2.52-6.00, 
P< 0.05, R
2
=0.427) and 10.47 (CI=5.44-20.14, P< 0.05, R
2
=0.595), respectively; 
TMFs of 4,4’-DDE were 2.60 (CI=1.77-3.81, P< 0.05, R2=0.322) and 6.39 
(CI=3.70-11.04, P< 0.05, R
2
=0.419), respectively. In comparison with the TMFs 
in Singapore coastal marine food web (Chapter 5), these legacy POPs showed 
higher trophic biomagnification in the food webs of mangrove ecosystem.  
 
As shown in Tables 6.1 & 6.2 and Figure 6.8, both PBDEs and α-HBCD showed 
trophic biomagnification in the food webs of SBWR and SMW. TMFs of PBDEs 
ranged from 1.71 to 3.31 at SBWR, and from 2.98 to 6.30 at SMW. TMFs of α-
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HBCD were 5.55 and 1.39 at SBWR and SMW, respectively. However, analysis 
showed that TMFs of BDE 99 at SBWR, BDE 28 at SMW, and α-HBCD at SMW 
were not statistically significant (P >0.05, Table 6.1). The trophic 
biomagnification behavior of PBDEs in mangrove food webs was different with 
the study in Singapore coastal marine food web (Chapter 5), in which only BDE 
47 showed slightly trophic biomagnification. The study in Canadian arctic marine 
food web also showed the trophic biomagnification of lower brominated 
congeners [122, 129]. The trophic biomagnification behavior of α-HBCD was in 
contrast with the study in Singapore coastal marine food web (Chapter 5), but was 
consistent with other studies [129, 130]. 
 
TMFs of DPs in the food webs of SBWR and SMW were typically lower than 1 
(Tables 6.1 & 6.2 & Figure 6.8), but not statistically significant (P >0.05). The 
results were comparable with TMFs in Singapore coastal marine food web 
(Chapter 5) and Lake Ontario aquatic food web in Canada [132], but different 
from TMFs in Lake Winnipeg aquatic food web and the freshwater food web near 
a e-waste recycling site in China [132, 222]. Considering the high KOW values, it 
is highly possible that limited dietary uptake efficiency was the main reason for 
trophic dilution of DPs in the food webs of mangrove ecosystems and this was 
consistent with the analysis of BAF and BSAF. However, species-specific and 
compounds-specific biotransformation rates and unsteady-state conditions in field 




As shown in Tables 6.1 & 6.2, TMFs of TCS in the food webs of SBWR and 
SMW were 0.45 (CI=0.07-2.90, P =0.394, R
2
=0.018) and 0.91 (CI=0.29-2.87, P 
=0.861, R
2 
=0.001), respectively; TMFs of MTCS in the food webs of SBWR and 
SMW were 0.29 (CI=0.15-0.57, P <0.05, R
2
=0.21) and 0.08 (CI=0.02-0.31, P 
<0.05, R
2
=0.284), respectively. The trophic dilution behavior of TCS and MTCS 
in the food webs of mangrove ecosystems was the same as the Singapore coastal 
marine food web (Chapter 5). Previous studies showed that both TCS and MTCS 
did not show high bioaccumulation potential in algae and snail [79, 133], which 
was further proven in this study.   
 
As shown in Tables 6.1 & 6.2, galaxolide experienced trophic dilution in the food 
webs of SBWR and SMW (TMF 0.29, P=0.003, R
2
=0.152 at SBWR; TMF 0.03, 
P <0.05, R
2
=0.285 at SMW). In comparison, tonalide also showed trophic dilution 
at SBWR and SMW, but was not statistically significant (TMF 0.92, P =0.765, 
R
2
=0.002 at SBWR; TMF 0.30, P =0.096, R
2
=0.075 at SMW). The trophic 
dilution of galaxolide was observed in a marine food chain [68], but the trophic 
biomagnification of galaxolide was observed in Taihu Lake food web [224] and 
Singapore coastal marine food web (not statistically significant, Chapter 5). The 
trophic dilution of tonalide was observed in Taihu Lake food web [224] and 
Singapore coastal marine food web (Chapter 5). Musk ketone showed significant 
trophic dilution in the food web of SMW (TMF 0.21, P =0.008, R
2
=0.179), and 





while celestolide showed slightly trophic dilution in the food web of SMW (TMF 
0.83, P =0.81, R
2




In summary, legacy POPs, such as PCBs, OCPs and chlorobenzenes are still 
ubiquitous in Singapore mangrove ecosystems, showing the persistence and long 
term effects for the whole ecosystem. As flame retardants, not only were the 
conventional PBDEs been detected, the HBCD isomers, and DPs as chlorinated 
flame retardants were also widely distributed in Singapore mangrove ecosystems. 
In comparison, the other brominated flame retardants, such as TBBPA, HBB, 
BTBPE, PBEB and TBECH were mainly detected in sediment, while 1,2,3,4-
tetrabromobenzene was mainly detected in biota samples. Musk, triclosan and 
MTCS constituted another major group that widely detected in Singapore 
mangrove ecosystems, with much higher concentration levels compared with 
legacy POPs. This study showed that SMW was more polluted than SBWR, 
measured by both legacy POPs and emerging contaminants. 
 
Based on the analysis of BAFs, BSAFs, fugacities and TMFs, the 
bioaccumulation behavior of HOCs in Singapore mangrove ecosystems were 
investigated. Octanol-water partition coefficient (KOW) and octanol-air partition 
coefficient (KOA) are good indicators for evaluating bioaccumulation behavior of 
HOCs. The bioaccumulation of HOCs (with low KOW but high KOA) in air-
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breathing organisms was further confirmed by the bioaccumulation behavior of β-
HCH, galaxolide, tonalide, musk ketone and MTCS in Singapore mangrove 
ecosystems. Inclusion of birds in food web increased the TMFs for PCBs, OCPs, 
etc., but decreased the TMFs for musks, MTCS, etc. In Singapore mangrove food 
webs, musks, TCS, MTCS and DPs showed trophic dilution behavior, while 
PCBs, OCPs, chlorobenzenes, PBDEs and α-HBCD showed trophic 
magnification behavior. In addtition, HOCs had higher TMFs in food web that 


















CHAPTER 7 CONCLUSIONS 
 
7.1 Summary of main conclusions 
 
In conclusion, multiresidue analytical methods for identifying and quantifying 90 
legacy POPs and emerging contaminants in environment (seawater, marine 
sediment and biota, such as invertebrate and fish) through GC-MS/MS and LC-
MS/MS have been developed and validated. Good recoveries (generally 70%-
130%) and much lower detection limits (pg/L for seawater, pg/g dw for sediment 
and pg/g ww for biota) have been achieved by application of the developed 
multiresidue analytical methods. The food web structures in Singapore’s marine 
ecosystems have been characterized using stable isotope analysis and the trophic 
levels of organisms in three food webs have been estimated. The distribution and 
bioaccumulation behavior of legacy POPs and emerging contaminants in 
Singapore’s marine environment have been investigated by conducting field 
studies at off-shore coastal marine environment and mangrove environment. 
Legacy POPs (PCBs, OCPs, etc.) were still ubiquitous and bioaccumulated (such 
as PCB 153 and 4, 4’-DDE) in the three investigated food webs. Emerging 
contaminants (synthetic musks, flame retardants, triclosan and methyl triclosan) 
were widely distributed in Singapore’s marine environment and did not show 
bioaccumulation behavior (such as galaxolide, tonalide, triclosan and methyl 
triclosan) in three investigated food webs. The results of field studies in 
Singapore’s marine environment (field measured concentrations, BAF, BSAF, 
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fugacity and TMF) can help understand and evaluate risks and bioaccumulation 
behavior of emerging contaminants in marine environment.  
 
Chapter 2 focused on the development and validation of multiresidue analytical 
method for analyzing 86 legacy POPs and emerging contaminants in seawater. 
Solid-phase extraction with C18 disk was employed for sequestration of target 
analytes in the dissolved phase, while ultrasound assisted extraction and florisil 
chromatography were utilized for suspended sediments. Gas chromatography-
triple quadrupole mass spectrometry (GC-MS/MS) was applied for identification 
and quantification of target analytes. The main conclusions derived from this 
chapter are summarized as follows: 
 
i) Developed method generated reproducible analyte recoveries in seawater 
and MilliQ water (dissolved phase and suspended sediments), which were 
typically in the range of 70% -130%. Very volatile compounds, such as 
triclorobenzenes and PCBs 8, 18 & 28, had recoveries > 150% in 
dissolved phase, because of the low absolute recoveries of relative internal 
surrogate standards. 
ii) Developed method had low detection limits, which were in the low parts 
per quadrillion range. Synthetic musks usually had higher detection limits, 
but still in the parts per quadrillion range. 
iii) Developed method was applied for analyzing seawater from four coastal 
sites around Singapore. Results showed trace detection of PCBs and other 
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legacy POPs, as well as several current-use emerging contaminants. 
iv) In particular, polycyclic and nitro-aromatic musks, bromobenzenes, 
dechlorane plus isomers (syn-DP, anti-DP) and methyl triclosan were 
frequently detected at appreciable levels (2-20,000 pg L-1). To our 
knowledge, these are the first measurements of these compounds in 
Singapore or Southeast Asia. 
 
Chapter 3 focused on the development and validation of multiresidue analytical 
method for analyzing 90 legacy POPs and emerging contaminants in marine 
sediment and biota samples. Ultrasound assisted extraction, gel permeation 
chromatography, florisil chromatography, and silica chromatography were utilized 
for extraction and cleanup purposes. Gas chromatography-triple quadrupole mass 
spectrometry (GC-MS/MS) and liquid chromatography-triple quadrupole mass 
spectrometry (LC-MS/MS) were applied for identification and quantification of 
target analytes. The main conclusions derived from this chapter are summarized 
as follows: 
 
i) Developed method generated reproducible analyte recoveries in sediment, 
grunter and sea, which were typically in the range of 70% -130%.  
ii) Developed method had low detection limits, ranging from 0.1 to 57.1 pg/g 
dw in sediments and 0.1 to 22.8 pg/g ww in biota. 
iii) Analysis of standard reference material for sediment showed good 
accuracy of developed method. 
198 
 
iv) With the benefits of sample cleanup and isotope dilution method, the 
matrix effects in LC-MS/MS analysis were negligible. 
v) A field survey of Singapore’s marine environment demonstrated the 
occurrence of PCBs, OCPs, polycyclic and nitro-aromatic musks 
(galaxolide, tonalide, musk ketone), halogenated flame retardants (syn-DP, 
anti-DP, α-, β- γ- HBCD, TBBPA), as well as triclosan and methyl 
triclosan.  
vi) Triclosan and methyl triclosan levels were highly correlated in sediments 
(r2 = 0.9752), while syn- and anti-DP were strongly correlated in biota (r2 
= 0.9279). anti-DP/syn-DP stereoisomer ratios were typically > 1 and 
ranged between 0.94 and 29.2 in sediments and biota samples.  
 
Chapter 4 characterized the food web structures of two mangrove ecosystems and 
one off-shore coastal marine food web using stable isotope analysis (δ15N and 
δ13C), which benefited the bioaccumulation analysis of contaminants in food 
webs. The main conclusions derived from this chapter are summarized as follows: 
 
i) In the food webs of Sungei Buloh Wetland Reserve, Sungei Mandai 
Wetland and off-shore coastal marine bottom environment, possible 
carbon sources were identified (three at SBWR, two at SM and one at 
marine bottom environment). 
ii) Mangrove tree leaves-tree climbing crab food web had obvious lower 
stable isotope compositions compared with other food webs. 
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iii) Trophic levels of species were estimated using single source model. There 
are four TLs in mangrove food webs, in which invertebrates and fish 
occupied the TLs of 2-3. Collected fish in marine bottom environment 
occupied TLs of 3.1-3.7.  
iv) Birds collected in Singapore had various carbon sources and trophic levels 
were tentatively estimated. Fish-eating birds, Malay fish owl and white 
bellied sea eagle, had higher δ15N values and may occupy the trophic 
levels of 3-4 in the food web of SBWR. 
 
Chapter 5 mainly investigated the distribution and bioaccumulation behavior of 
legacy POPs and emerging contaminants in a tropical marine environment. 
Seawater, marine sediment, phytoplankton, fish (stingray, bamboo shark, marine 
catfish, pike conger eel, snapper and grunter) samples were collected and 
analyzed. Bioaccumulation factor (BAF), fugacity, and trophic magnification 
factor (TMF) were used to evaluate the bioaccumulation behavior of organic 
contaminants in food web. The main conclusions derived from this chapter are 
summarized as follows: 
 
i) Galaxolide, tonalide, triclosan, MTCS, FRs (BDEs 47, 99 & 100, HBCDs, 
TBBPA, syn-DP and anti-DP), PCBs and OCPs (DDTs) were frequently 
detected in Singapore’s marine environment.  
ii) Correlation between log BAFlipid wt and log KOW for legacy POPs and 
emerging contaminants was observed. Compounds with high KOW values 
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(i.e. DPs) showed limited bioaccumulation potential. 
iii) PCBs and OCPs experienced trophic biomagnification in the tropical 
marine food web (PCB 153: TMF =2.91, P <0.05; 4,4’-DDE: TMF =2.28, 
P <0.05). 
iv) Amongst PBDEs, only BDE 47 was found to biomagnify (TMF=1.64, P 
=0.005) in the tropical marine food web.  
v) Tonalide, TCS, MTCS, α-HBCD, syn-DP and anti-DP all showed negative 
relationship between lipid normalized concentration and trophic level 
(TMFs: 0.76, 0.15, 0.44, 0.65, 0.69, 0.59; all P values < 0.05, except for α-
HBCD, which was 0.081). 
vi) Galaxolide didn’t show clear biomagnification behavior (TMF=1.17, 
P=0.408). 
 
Chapter 6 mainly investigated the distribution and bioaccumulation behavior of 
legacy POPs and emerging contaminants at two tropical mangrove ecosystems. 
Seawater, sediment, phytoplankton, invertebrates (i.e. worm, clam, snail and crab) 
and fish (i.e. milkfish, halfbeak, green chromide and golden flathead goby) 
samples were collected and analyzed. Bioaccumulation factor (BAF), biota-
sediment accumulation factor (BSAF), fugacity, and trophic magnification factor 
(TMF) were used to evaluate the bioaccumulation behavior of organic 
contaminants in food webs. The main conclusions derived from this chapter are 




i) Galaxolide, tonalide, triclosan, MTCS, FRs (BDEs 47, 99 & 100, HBCDs, 
TBBPA, syn-DP and anti-DP), PCBs and OCPs (DDTs) were frequently 
detected at mangrove ecosystems, with higher concentrations in 
comparison with off-shore coastal marine environment.  
ii) Same as the last study (Chapter 5), correlation between log BAFlipid wt and 
log KOW for legacy POPs and emerging contaminants in fish was observed, 
and  compounds with high KOW values (i.e. DPs) showed limited 
bioaccumulation potential. 
iii) Correlation between log BAFlipid wt and log KOA for legacy POPs and 
emerging contaminants in air breathing organisms was observed. 
Compounds with low KOW but high KOA values (i.e. β-HCH, galaxolide, 
tonalide, musk ketone and MTCS), which didn’t bioaccumulate in fish, 
showed bioaccumulation potential in air-breathing organisms.  
iv) Correlation between log BSAF and log KOW for legacy POPs and 
emerging contaminants in sediment-dwelling organisms was observed, 
and compounds with high KOW values (i.e. DPs) showed limited 
bioaccumulation potential. 
v) Inclusion of birds in food web increased TMFs for PCBs, OCPs, etc., but 
decreased TMFs for musks, MTCS, etc. 
vi) In mangrove food webs, PCBs, OCPs, chlorobenzenes, PBDEs and α-
HBCD showed trophic biomagnification behavior. In comparison, musks, 




7.2 Suggestions for future studies 
 
Specific recommendations for future studies include: 
 
i) It may be beneficial to only include key species at each trophic level in 
food webs for evaluation of trophic magnification behavior of 
contaminants. In ecosystem, especially in mangrove ecosystem, the food 
web is usually very complex, in which multiple relationships among 
organisms at different trophic levels exist. Considering the various dietary 
intakes and species-dependent metabolism capacities, the involvement of 
too many species in the calculation of trophic magnification factor of 
contaminant may lead to unexplainable and misleading results. Moreover, 
it is not practical to collect and analyze all the species in complex food 
webs in field studies, considering the time, cost and technologies. In 
comparison, to identify and analyze key species at each trophic level in 
food web is more practical, as well as time and cost saving. However, this 
approach of estimating TMF needs to be validated through series of field 
studies in future.  
ii) Various studies showed that inclusion of top predators in food web has 
negligible influences on estimation of TMF. Our study in mangrove 
ecosystem also showed that inclusion of fish-eating bird increased TMFs 
for PCBs, OCPs, etc., but decreased TMFs for musks, MTCS, etc. In the 
studied mangrove ecosystem (Sungei Buloh Wetland Reserve), top 
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predators include fish-eating birds, smooth otters, monitor lizards and 
crocodiles. In the field study, we could not get these top predators as 
samples due to the permission issues, except for fish-eating birds, which 
may forage in the study site, but were not collected there. In future, the top 
predators should be better included in evaluating bioaccumulation 
behavior of chemical in food web, if it is possible to get permissions.  
iii) Field studies play essential part in screening bioaccumulative chemicals 
from commercially used chemicals. However, field studies always involve 
tedious and heavy works. The following analysis of samples in 
laboratories is also tedious, time and cost consuming, as well as not 
environmental friendly. Except for good plan and organization before field 
studies, it will be better to shorten the list of target analytes. There are 
computer simulation models capable of predicting bioaccumulation 
behavior of chemicals in food webs based on their physical-chemical 
properties and food web structures. However, the computer simulation 
model for predicting bioaccumulation behavior of chemicals in mangrove 
food web is rare. There is a need to develop and validate this kind of 
model for mangrove food web. Moreover, the results of field studies can 
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Appendix 1  List of target analyte and internal surrogate standard in seawater 
analysis 
Target analyte CAS Log Kow Internal surrogate standard 
---Sediment & Tissue Samples 
60 m GC Column 
 
   
Celestolide 13171-00-1 5.93* Tonalide-d3 
Phantolide 15323-35-0 5.85* Tonalide-d3 
Musk ambrette 83-66-9 4.17* Musk xylene-d15 
Traesolide 68140-48-7 6.31* Tonalide-d3 
Galaxolide 1222-05-5 5.9 Tonalide- d3 
Musk xylene 81-15-2 4.45* Musk xylene-d15 
Tonalide 1506-02-1 5.7 Tonalide-d3 
Musk moskene 116-66-5 5.39* Musk xylene-d15 
Musk tibetene 145-39-1 5.18* Tonalide-d3 
Musk ketone 81-14-1 4.3 Tonalide-d3 
    
1,3,5-Trichlorobenzene (1,3,5-TrCBz) 108-70-3 4.19 1,2,4-Trichlorobenzene-d3 
1,2,4-Trichlorobenzene (1,2,4-TrCBz) 120-82-1 4.02 1,2,4-Trichlorobenzene-d3 
1,2,3,5-Tetrachlorobenzene (1,2,3,5-TeCBz) 634-90-2 4.56 13C6-1,2,3,4-Tetrachlorobenzene 
1,2,4,5-Tetrachlorobenzene (1,2,4,5-TeCBz) 95-94-3 4.64 13C6-1,2,3,4-Tetrachlorobenzene 
1,2,3,4-Tetrachlorobenzene (1,2,3,4-TeCBz) 634-66-2 4.6 13C6-1,2,3,4-Tetrachlorobenzene 
Pentachlorobenzene (PeCBz) 608-93-5 5.17 13C6-Hexachlorobenzene 
Hexachlorobenzene (HxCBz) 118-74-1 5.73 13C6-Hexachlorobenzene 
α-HCH 319-84-6 4.14 13C6-α-HCH 
β-HCH 319-85-7 4.14 13C6-α-HCH 
γ-HCH (Lindane) 58-89-9 4.14 13C6-γ-HCH 
δ-BHC 319-86-8 4.14 13C6-γ-HCH 
Heptachlor 76-44-8 5.47 13C6-γ-HCH 
Aldrin 309-00-2 6.5 13C6-γ-HCH 
Heptachlor epoxide  (isomer B) 1024-57-3 4.98 13C12-Methyl triclosan 
γ-Chlordane 5103-74-2 6.22 13C12-Methyl triclosan 
α-Endosulfan 959-98-8 3.83 13C6-γ-HCH 
α-Chlordane 5103-71-9 6.22 13C12-Methyl triclosan 
trans-Nonachlor 39765-80-5 6.35 13C12-Methyl triclosan 
Dieldrin 60-57-1 5.2 13C12-Methyl triclosan 
4,4'-DDE 72-55-9 6.51 13C12-Methyl triclosan 
Endrin 72-20-8 5.2 13C6-γ-HCH 
β-Endosulfan 33213-65-9 3.83 13C6-γ-HCH 
cis-Nonachlor 5103-73-1 6.35 13C12-Methyl triclosan 
4,4'-DDD 72-54-8 6.02* 13C12-Methyl triclosan 
Endrin aldehyde 7421-93-4 4.8* 13C12-Methyl triclosan 
Endosulfan sulfate 1031-07-8 3.66 13C12-Methyl triclosan 
4,4'-DDT 50-29-3 6.91 13C12-Methyl triclosan 
Endrin ketone 53494-70-5 4.99* 13C6-γ-HCH 
Methoxychlor 72-43-5 5.08 13C12-Methyl triclosan 
Methyl triclosan 4640-01-1 5.22* 13C12-Methyl triclosan 
    
PCB 8 34883-43-7 5.09 13C12-PCB 28 
PCB 18 37680-65-2 5.55 13C12-PCB 28 
PCB 28 7012-37-5 5.62 13C12-PCB 28 
PCB 52 35693-99-3 6.09 13C12-PCB 52 
PCB 44 41464-39-5 5.81 13C12-PCB 52 
PCB 66 32598-10-0 6.31 13C12-PCB 101 
PCB 101 37680-73-2 6.8 13C12-PCB 101 
PCB 81 70362-50-4 6.34* 13C12-PCB 101 
PCB 77 32598-13-3 6.63 13C12-PCB 153 
PCB 123  65510-44-3 6.98* 13C12-PCB 153 
226 
 
PCB 118 31508-00-6 7.12 13C12-PCB 153 
PCB 114 74472-37-0 6.98* 13C12-PCB 153 
PCB 153 35065-27-1 7.75 13C12-PCB 153 
PCB 105 32598-14-4 6.79 13C12-PCB 138 
PCB 138 35065-28-2 7.44 13C12-PCB 138 
PCB 126 57465-28-8 6.98* 13C12-PCB 138 
PCB 187 52663-68-0 8.27* 13C12-PCB 138 
PCB 128 38380-07-3 7.31 13C12-PCB 138 
PCB 167 52663-72-6 7.5 13C12-PCB 138 
PCB 156 38380-08-4 7.6 13C12-PCB 138 
PCB 157 69782-90-7 7.6 13C12-PCB 138 
PCB 180 35065-29-3 8.27* 13C12-PCB 180 
PCB 169 32774-16-6 7.41 13C12-PCB 180 
PCB 170 35065-30-6 8.27* 13C12-PCB 180 
PCB 189 39635-31-9 8.27* 13C12-PCB 180 
PCB 195 52663-78-2 8.91* 13C12-PCB 180 
PCB 206 40186-72-9 9.14 13C12-PCB 209 
PCB 209 2051-24-3 8.27 13C12-PCB 209 
    
15 m GC column    
1,3,5-Tribromobenzene (1,35-TrBBz) 626-39-1 4.51 13C6-Hexabromobenzene   
1,2,4,5-Tetrabromobenzene (1,2,4,5-TeBBz) 636-28-2 5.13 13C6-Hexabromobenzene   
Tetrabromoethylcyclohexane  (TBECH) 3322-93-8 5.24* 13C12-BDE 99 
Bis(4-chlorophenyl) sulfone (BCPS) 80-07-9 3.9* 13C12-BDE 47 
Pentabromotoluene (PBT) 87-83-2 6.99* 13C6Hexabromobenzene   
Pentabromoethylbenzene (PBEB) 85-22-3 7.48* 13C6-Hexabromobenzene   
Hexabromobenzene (HxBBz) 87-82-1 6.07 13C6-Hexabromobenzene   
PBB 153 59080-40-9 9.1* 13C12-BDE 153 
    
4,4'-DDT 50-29-3 6.91 13C12-BDE 153 
Methoxychlor 72-43-5 5.08 13C12-BDE 153 
    
BDE 28 41318-75-6 5.88* 13C12-BDE 47 
BDE 47 5436-43-1 6.77* 13C12-BDE 47 
BDE 100 189084-64-8 7.66* 13C12-BDE 99 
BDE 99 60348-60-9 6.84 13C12-BDE 99 
BDE 154 207122-15-4 8.55* 13C12-BDE 153 
BDE 153 68631-49-2 8.55* 13C12-BDE 153 
BDE 183 207122-16-5 9.44* 13C12-BDE 153 
1,2-Bis (2,4,6-tribromophenoxy)ethane 
(BTBPE) 
37853-59-1 9.15* 13C12-BDE 153 
syn-Dechlorane Plus (syn-DP) 135821-03-3 11.27* 13C12-BDE 153 
anti-Dechlorane Plus (anti-DP) 135821-74-8 11.27* 13C12-BDE 153 


































Appendix 3  Mass spectrum of precursor ion 218.9 for γ-HCH in product ion scan 







Appendix 4  Mass spectrum of precursor ion 182.9 for γ-HCH in product ion scan 







Appendix 5  Mass spectrum of precursor ion 180.9 for γ-HCH in product ion scan 




Appendix 6  Influence of collision energy on the abundance of MRM transitions of γ-














Appendix 7  MRM optimization results of γ-HCH 
MRM transition Collision energy (ev) Abundance Rank 
180.9> 144.9 16 577893 1 
218.9> 182.9 6 525866 2 
182.9> 146.9 16 376272 3 
180.9> 145.9 22 309453 4 
218.9> 146.9 26 251035 5 






Appendix 8  Absolute recoveries (AR, %) of spiking target analytes in MilliQ and seawater samples 
Target Analytes 
 
MilliQ  Seawater Filtrate  Suspended Sediments 
 2.5 ng a, n=5  0.5 ng b, n=4 0.5 ng b, n=4 2.5 ng a, n=4  0.5 ng b, n=4 2.5 ng a, n=4 2.5 ng a, n=4 
 AR, % RSD, %  AR, % RSD, % AR, % RSD, % AR, % RSD, %  AR, % RSD, % AR, % RSD, % AR, % RSD, % 
Celestolide  58 11  64 7 64 7 72 5  57 9 68 10 79 9 
Phantolide  67 11  69 6 69 6 83 4  63 6 74 9 85 7 
Traesolide  71 9  75 5 75 5 77 3  70 5 77 6 91 5 
Galaxolide  60 20  112 21 112 21 59 19  63 10 69 10 94 9 
Tonalide  81 10  65 7 65 7 77 5  64 2 75 7 89 6 
Musk xylene  76 13  74 3 74 3 86 8  32 4 36 14 45 7 
Musk- ambrette  67 10  55 7 55 7 74 12  24 21 25 15 34 14 
Musk moskene  72 10  68 8 68 8 79 3  29 6 30 9 41 6 
Musk tibetene  68 12  71 9 71 9 78 8  58 5 65 6 72 5 
Musk ketone  77 10  79 3 79 3 101 2  62 7 68 7 74 7 
                                
1,3,5-TriCBz*  24 15  10 55 10 55 9 15  22 20 32 13 33 24 
1,2,4-TriCBz*  30 13  14 52 14 52 11 14  25 18 36 13 36 23 
1,2,3,5 & 1,2,4,5-
TeCBz* 
 32 13  17 44 17 44 12 11  29 17 40 15 40 16 
1,2,3,4-TeCBz*  34 13  19 35 19 35 14 8  30 16 41 15 41 13 
PeCBz*  35 13  23 36 23 36 19 4  36 13 46 15 48 10 
HCBz*  41 12  31 28 31 28 30 3  42 7 49 11 53 8 
α-HCH  63 12  51 6 51 6 65 4  43 9 51 12 58 8 
β-BHC  74 8  55 5 55 5 71 1  49 2 55 6 66 6 
γ-BHC  64 10  59 7 59 7 73 3  51 4 58 10 63 7 
δ-BHC  77 9  60 2 60 2 81 2  54 6 62 7 71 5 
Heptachlor  49 7  41 16 41 16 62 7  57 5 67 8 72 6 
Aldrin  40 9  49 16 49 16 43 11  56 2 59 6 63 5 
Heptachlor -epoxide  71 10  67 6 67 6 71 1  65 3 70 5 74 4 
α-Chlordane  69 9  68 1 68 1 67 8  78 6 82 5 91 4 
γ-Chlordane  72 9  71 7 71 7 67 4  77 4 78 6 85 4 
α-Endosulfan  53 10  51 8 51 8 71 5  61 2 63 3 71 5 
β-Endosulfan  55 10  52 6 52 6 67 7  56 3 61 2 67 4 
trans-Nonachlor  69 7  71 4 71 4 64 4  63 6 67 2 71 8 
cis-Nonachlor  75 11  81 4 81 4 85 3  69 9 76 3 78 4 
4,4'--DDE  70 8  80 7 80 7 62 3  76 1 81 3 83 4 
234 
 
4,4'--DDD  82 11  90 5 90 5 85 2  72 3 82 2 90 6 
4,4'--DDT  61  12  73  7 73  7 62  3  69  2 74  6 75  2 
Dieldrin  71 11  76 5 76 5 75 2  76 12 81 4 85 7 
Endrin  68 11  76 3 76 3 97 1  67 3 68 5 74 5 
Endrin- aldehyde  76 12  71 5 71 5 70 6  59 9 60 2 74 9 
Endrin ketone  57 15  59 3 59 3 74 5  47 14 54 2 61 6 
Endosulfan-sulfate  69 17  75 5 75 5 95 3  79 3 88 2 106 6 
Methoxychlor  58  12  77  8 77  8 78  3  89  3 95  6 93  4 
Methyl- triclosan  81 10  81 5 81 5 74 1  80 2 88 3 93 6 
                                
PCB 8  45 11  35 21 35 21 36 4  47 7 56 11 56 8 
PCB 18  47 10  36 17 36 17 36 4  46 7 53 9 55 7 
PCB 28  59 8  48 13 48 13 46 5  56 3 63 8 68 6 
PCB 52  60 8  55 8 55 8 45 6  55 2 62 6 67 5 
PCB 44  65 8  58 9 58 9 51 5  58 0 65 6 70 5 
PCB 66  66 8  63 6 63 6 58 3  68 1 74 4 81 5 
PCB 101  61 7  63 7 63 7 52 6  65 3 67 4 70 4 
PCB 81  70 9  73 6 73 6 67 3  70 2 78 4 76 5 
PCB 77  79 10  78 5 78 5 74 2  78 2 88 5 82 4 
PCB 123  70 9  69 8 69 8 67 1  77 2 83 3 84 4 
PCB 118  79 9  77 6 77 6 71 2  82 4 89 2 82 4 
PCB 114  71 9  72 5 72 5 67 2  75 2 81 3 81 4 
PCB 153  75 8  72 8 72 8 67 4  78 2 81 2 82 4 
PCB 105  69 9  68 4 68 4 68 0  76 1 82 4 82 4 
PCB 138  70 9  67 5 67 5 63 3  73 1 78 2 78 3 
PCB 126  71 10  73 5 73 5 74 2  78 2 88 5 87 6 
PCB 187  69 9  69 4 69 4 67 4  78 1 82 3 86 4 
PCB 128  70 9  71 5 71 5 68 2  75 2 82 3 82 5 
PCB 167  70 10  73 5 73 5 69 2  80 7 85 3 85 4 
PCB 156  69 9  74 4 74 4 70 3  76 1 83 4 84 6 
PCB 157  68 11  70 6 70 6 67 4  74 3 82 4 80 4 
PCB 180  68 9  65 6 65 6 66 2  73 4 82 4 79 6 
PCB 169  73 10  66 4 66 4 65 2  71 4 83 5 80 5 
PCB 170  69 10  62 5 62 5 65 4  74 2 82 3 80 4 
PCB 189  63 10  60 5 60 5 63 4  72 3 83 1 77 3 
PCB 195  61 10  54 7 54 7 57 4  64 5 71 1 67 4 
PCB 206  71 12  57 6 57 6 65 3  61 7 65 5 57 5 
PCB 209  67 12  56 8 56 8 61 6  54 16 55 9 51 10 
                  
1,3,5-TriBBz*  26  17  11  28 11  28 6  12  13  15 17  17 18  22 
1,2,4,5-TeBBz*  35  17  24  18 24  18 22  5  29  8 33  14 35  12 
235 
 
TBECH  62  11  59  10 59  10 67  2  60  1 63  11 68  3 
BCPS  60  11  47  7 47  7 46  5  55  2 56  5 56  3 
PBT  60  12  50  5 50  5 42  2  49  7 49  6 54  3 
PBEB  55  10  52  18 52  18 44  4  55  6 55  7 59  4 
HBBz  49  18  51  2 51  2 51  3  41  11 42  6 52  2 
PBB153  61  10  61  4 61  4 57  3  64  4 63  6 70  8 
BDE 28  59  15  49  6 49  6 46  2  59  5 60  6 64  4 
BDE-47  58  12  58  3 58  3 50  2  62  2 63  4 64  2 
BDE-100  62  9  67  5 67  5 61  4  66  2 70  4 73  2 
BDE-99  61  10  65  4 65  4 65  7  78  6 79  3 79  5 
BDE-154  57  14  63  5 63  5 53  11  60  8 62  6 68  8 
BDE-153  60  12  74  10 74  10 70  7  70  11 75  4 84  12 
BDE-183  51  8  82  8 82  8 75  16  59  10 55  4 62  17 
BTBPE  50  18  73  14 73  14 79  7  61  10 65  3 72  21 
syn-DP  57  10  65  10 65  10 61  6  66  5 71  6 74  10 
anti-DP  54  10  64  9 64  9 56  8  59  8 67  6 70  11 
a Spiking amount of each native compound was 2.5 ng, except for musk xylene (6.25 ng) and endosulfan I & II (5 ng each)  
b Spiking amount of each native compound was 0.5 ng, except for musk xylene (1.25 ng) and endosulfan I & II (1.0 ng each); AR: absolute recovery; RSD: relative standard 
deviation; 1,3,5-TriCBz: 1,3,5-Trichlorobenzene; 1,2,4-TriCBz: 1,2,4-Triclorobenzene; 1,2,3,5 & 1,2,4,5-TeCB:z 1,2,3,5 & 1,2,4,5-Tetrachlorobenzene; 1,2,3,4-TeCBz: 1,2,3,4-











Appendix 9  Absolute recoveries (AR, %) of spiked internal surrogate standards in MilliQ and seawater samples 
Internal surrogate 
standards 
 MilliQ,  
n=5 
 Seawater Filtrate,  
n=12 
 Suspended Sediments, 
 n=12 
 Seawater Sample 
 (no spike), n=8 
 Suspended Sediments 
sample (no spike)  n=8 
  Absolute 
recovery, % 
RSD, %  Absolute 
recovery, % 
RSD, %  Absolute 
recovery, % 
RSD, %  Absolute 
recovery, % 
RSD, %  Absolute 
recovery, % 
RSD, % 
Musk xylene-d15  66 10  78 16  35 15  99 16  50 7 
Tonalide-d3  75 9  80 12  86 9  61 11  79 7 
1,2,4-TriCBz-d3  21 22  7 58  31 25  - -  22 13 
13C6-1,2,3,4-
TeCBz 
 27 19  10 52  39 20  9 42  27 14 
13C6-HCBz  33 19  16 49  49 14  13 40  50 7 
13C6-a-HCH  62 11  55 18  53 13  55 16  49 6 
13C6-r-HCH  67 10  61 17  57 11  62 15  53 4 
13C12-MTCS  90 9  78 8  98 4  76 11  93 7 
13C12-PCB 28  51 11  32 31  63 8  37 23  60 5 
13C12-PCB 52  52 11  34 33  65 6  38 20  59 5 
13C12-PCB 101  55 10  45 30  72 4  52 15  69 7 
13C12-PCB 153  60 8  56 16  79 3  54 11  76 5 
13C12-PCB 138  65 8  61 9  83 3  58 11  82 6 
13C12-PCB 180  68 8  66 7  88 4  53 12  87 5 
13C12-PCB 209  66 11  59 12  57 12  28 8  88 7 
13C6-HBBz  50 15  50 8  48 6  - -  54 5 
13C12-BDE 47  61 12  51 6  68 3  56 9  66 5 
13C12-BDE 99  72 10  68 8  85 3  69 10  72 5 
13C12-BDE 153  61 13  73 9  77 8  70 11  79 9 
Note: In the analysis of seawater samples, surrogate internal standards 1,2,4-TriCBz-d3 and 
13C6-HBBz were not spiked. Based on the recovery data of surrogate standards, 
13C12-






Appendix 10  Measured concentrations of legacy POPs and emerging contaminants in field collected seawater from Singapore, 
including dissolved phase (filtrate) mean concentrations (DP, pg/L), particulate phase (suspended sediment) mean concentrations (PP, 
pg/L). 
Target Jurong Island, n=18 Johor Strait,  n=3 (n=0 for BFRs) Pasir Ris,  n=6 East Coast,  n=24 (n=18 for BFRs) 

















Celestolide 72 123 ± 
107.8 
0 ND 100 106.4 ± 
6.1 
100 59.6 ± 
31.7 
0 ND 0 ND 83 45.8 ± 
47.5 
0 ND 
Phantolide 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 13 34 ± 9.6 0 ND 
Traesolide 39 469.6 ± 
265 
0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Galaxolide 100 21795 ± 
12965 
94 535.4 ± 
440 
100 3335.7 ± 
104 
100 273.9 ± 
28.9 
100 2395 ± 
2312 
0 ND 100 1656 ± 
935.9 
58 74.9 ± 
49 
Tonalide 100 1854 ± 
1541 
94 100.7 ± 
77.7 
100 505.5 ± 
54.2 
100 84.5 ± 
23.1 
67 336.6 ± 
260 
0 ND 100 244 ± 
149.4 
63 29.4 ± 
17.1 
Musk ambrette 0 ND 0 ND 0 ND 0 ND 17 31.6  0 ND 0 ND 0 ND 
Musk xylene 0 ND 0 ND 0 ND 0 ND 17 143.6  0 ND 0 ND 0 ND 
Musk moskene 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Musk tibetene 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Musk ketone 100 1260.4 ± 
775 
0 ND 100 745 ± 97 100 35.4 ± 
5.1 
83 207 ± 
112.5 
0 ND 88 170.3 ± 
95.1 
0 ND 
                 
1,3,5-TrCBz 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
1,2,4-TrCBz 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
1,2,3,5 & 
1,2,4,5-TeCBz 
0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
1,2,3,4- 
TeCBz 
0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
PeCBz 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
HCBz 94 11.2 ± 5 0 ND 100 11.3 ± 
4.5 
0 ND 0 ND 0 ND 88 9.3 ± 9 0 ND 
α-HCH 0 ND 0 ND 100 56.5 ± 
5.9 
0 ND 0 ND 0 ND 0 ND 0 ND 
β-HCH 22 22.9 ± 4 0 ND 100 110.1 ± 
22.1 
0 ND 0 ND 0 ND 25 22 ± 5 0 ND 
238 
 
γ-HCH 6 11.1  0 ND 100 125.3 ± 
6.4 
0 ND 100 102.7 ± 
63 
0 ND 17 20.1 ± 
3.3 
0 ND 
δ-HCH 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Heptachlor 6 4.6  0 ND 0 ND 33 2.2  33 4.5  0 ND 0 ND 0 ND 
Heptachlor 
epoxide 
33 4 ± 0.4 0 ND 100 7.8 ± 0.9 0 ND 50 4.6 ± 1.3 0 ND 13 2.7 ± 0.7 0 ND 
Aldrin 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
γ -Chlordane 94 14.9 ± 
5.6 
0 ND 100 10.5 ± 
0.7 
100 4.4 ± 0.8 33 10.3  0 ND 33 6.5 ± 3.4 13 4.2 ± 1 
α -Chlordane 83 11.8 ± 
3.4 
0 ND 100 7.2 ± 0.5 100 2.9 ± 1.6 33 16.8  0 ND 13 4.6 ± 0.8 0 ND 
α-Endosulfan 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
β-Endosulfan 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
trans-
Nonachlor 
0 ND 0 ND 0 ND 33 2.5  0 ND 0 ND 0 ND 0 ND 
cis-Nonachlor 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Dieldrin 11 23.2  0 ND 100 72.5 ± 
1.2 
0 ND 50 66 ± 7 0 ND 0 ND 0 ND 
Endrin 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Endrin 
aldehyde 
0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Endrin ketone 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
4,4'-DDE 56 6 ± 2.6 0 ND 100 4.4 ± 0.4 100 4 ± 1 50 4.4 ± 0.5 0 ND 42 2.5 ± 0.5 0 ND 
4,4'-DDD 89 16.2 ± 
7.4 
0 ND 0 ND 0 ND 33 12.7  0 ND 0 ND 0 ND 
4,4'-DDT 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Endosulfan 
sulfate 
100 30.9 ± 
17.6 
0 ND 100 455 ± 
30.3 
0 ND 100 610.9 ± 
165.3 
0 ND 96 98.6 ± 
141.8 
0 ND 
Methoxychlor  0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
Methyl 
triclosan 
100 210 ± 
134.7 
89 11.5 ± 
8.7 
100 288.1 ± 
39 
100 26 ± 3.4 100 33.5 ± 
22.5 
0 ND 100 17 ± 8.8 4 2.7  
                 
PCB 8 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
PCB 18 78 12.2 ± 
6.2 
22 1.7 ± 0.4 0 ND 0 ND 17 9.5  0 ND 0 ND 4 1.4  
PCB 28 89 15.8 ± 
8.8 
72 3.6 ± 1.7 100 5 ± 0.8 0 ND 17 21.1  0 ND 25 3.1 ± 0.5 4 1.1  
PCB 52 89 18 ± 11.9 72 3.9 ± 1.9 0 ND 0 ND 17 13 33 1.1  13 3 ± 0.2 4 9.4  
PCB 44 67 9.7 ± 4.9 0 ND 0 ND 0 ND 17 8.4  0 ND 0 ND 0 ND 
PCB 66 50 5.3 ± 2.6 0 ND 0 ND 0 ND 17 10.3  0 ND 8 2.1  0 ND 




PCB 81 0 ND 0 ND 100 4.2 ± 0.9 0 ND 0 ND 0 ND 13 2.8 ± 0.4 0 ND 
PCB 77 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 13 3.9 ± 1 0 ND 
PCB 123 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
PCB 118 33 4.8 ± 1 50 3 ± 0.6 0 ND 0 ND 0 ND 0 ND 4 2.1  0 ND 
PCB 114 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 
PCB 153 72 6.8 ± 5.1 67 10.6 ± 
3.9 
0 ND 0 ND 50 2.3 ± 0.8 0 ND 38 2.1 ± 0.5 0 ND 
PCB 105 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 13 2.9 ± 0.5 0 ND 
PCB 138 33 5.9 ± 1.4 56 6.1 ± 2.1 0 ND 0 ND 0 ND 0 ND 4 3.6  0 ND 
PCB 126 6 6 0 ND 0 ND 0 ND 0 ND 0 ND 33 3.4 ± 1.1 0 ND 
PCB 187 33 2.5 ± 0.8 0 ND 0 ND 0 ND 0 ND 0 ND 17 2.1 ± 1 0 ND 
PCB 128 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 21 3.6 ± 1.2 0 ND 
PCB 167 0 ND 0 ND 0 ND 0 ND 17 2.2  0 ND 38 1.9 ± 0.4 0 ND 
PCB 156 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 42 2.4 ± 0.7 0 ND 
PCB 157 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 25 2.3 ± 0.7 0 ND 
PCB 180 17 3.9 ± 1 67 6.2 ± 3.5 0 ND 0 ND 0 ND 0 ND 4 2.1  0 ND 
PCB 169 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 33 2.9 ± 1.1 0 ND 
PCB 170 0 ND 50 4.8 ± 0.9 0 ND 0 ND 17 2.0  0 ND 38 2.4 ± 0.8 0 ND 
PCB 189 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 46 2.2 ± 0.8 0 ND 
PCB 195 6 4.1  0 ND 0 ND 0 ND 17 2.6  0 ND 21 1.9 ± 0.2 0 ND 
PCB 206 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 46 2 ± 0.6 0 ND 
PCB 209 0 ND 0 ND 0 ND 0 ND 0 ND 0 ND 38 1.5 ± 0.6 0 ND 
                 
1,3,5-TrBBz 89 2.9 ± 2.4 0 ND NA NA NA NA 50 2.1 ± 0.4 0 ND 61 1.6 ± 0.8 0 ND 
1,2,4,5-TeBBz 0 ND 0 ND NA NA NA NA 17 3.5  0 ND 6 1.1  0 ND 
TBECH 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
BCPS NA NA 0 ND NA NA NA NA NA NA 0 ND NA NA 0 ND 
PBT 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
PBEB 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
HBBz 72 964.8 ± 
272 
44 12.7 ± 
10.5 
NA NA NA NA 0 ND 33 1.7  33 142.5 ± 
37.5 
22 26.1 ± 
15.1 
PBB153 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
BDE 28 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
BDE 47 22 6.7 ± 1.9 22 11 ± 5 NA NA NA NA 33 6 0 ND 11 6.4  0 ND 
BDE 100 0 ND 0 ND NA NA NA NA 0 ND 0 ND 17 3.8 ± 0.6 0 ND 
BDE 99 28 6.3 ± 2.3 28 18.6 ± 
10.9 
NA NA NA NA 50 5.1 ± 1.2 0 ND 6 9 0 ND 
BDE 154 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
BDE 153 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
BDE 183 0 ND 0 ND NA NA NA NA 0 ND 0 ND 0 ND 0 ND 
240 
 
BTBPE 0 ND 0 ND NA NA NA NA 17 62 0 ND 0 ND 0 ND 
syn-DP 11 2.4  50 5.1 ± 5.1 NA NA NA NA 17 2.3  17 10.8  6 2.4  11 6.1  






Appendix 11  List of target analytes and internal surrogate standards in sediment and 
biota analysis 
Target analyte CAS Log Kow Internal surrogate standard 
---Sediment & Tissue Samples 
60 m GC Column 
 
   
Celestolide 13171-00-1 5.93* Tonalide- d3 
Phantolide 15323-35-0 5.85* Tonalide- d3 
Musk ambrette 83-66-9 4.17* Musk xylene- d15 
Traesolide 68140-48-7 6.31* Tonalide- d3 
Galaxolide 1222-05-5 5.9 Tonalide- d3 
Musk xylene 81-15-2 4.45* Musk xylene- d15 
Tonalide 1506-02-1 5.7 Tonalide- d3 
Musk moskene 116-66-5 5.39* Musk xylene- d15 
Musk tibetene 145-39-1 5.18* Tonalide- d3 
Musk ketone 81-14-1 4.3 Tonalide- d3 
    
1,3,5-Trichlorobenzene (1,3,5-TrCBz) 108-70-3 4.19 1,2,4-Trichlorobenzene- d3 
1,2,4-Trichlorobenzene (1,2,4-TrCBz) 120-82-1 4.02 1,2,4-Trichlorobenzene- d3 
1,2,3,5-Tetrachlorobenzene (1,2,3,5-TeCBz) 634-90-2 4.56 13C6-1,2,3,4-Tetrachlorobenzene 
1,2,4,5-Tetrachlorobenzene (1,2,4,5-TeCBz) 95-94-3 4.64 13C6-1,2,3,4-Tetrachlorobenzene 
1,2,3,4-Tetrachlorobenzene (1,2,3,4-TeCBz) 634-66-2 4.6 13C6-1,2,3,4-Tetrachlorobenzene 
Pentachlorobenzene (PeCBz) 608-93-5 5.17 13C6-Hexachlorobenzene 
Hexachlorobenzene (HxCBz) 118-74-1 5.73 13C6-Hexachlorobenzene 
α-HCH 319-84-6 4.14 13C6-α-HCH 
β-HCH 319-85-7 4.14 13C6-α-HCH 
γ-HCH (Lindane) 58-89-9 4.14 13C6-γ-HCH 
δ-BHC 319-86-8 4.14 13C6-γ-HCH 
Heptachlor 76-44-8 5.47 13C6-γ-HCH 
Aldrin 309-00-2 6.5 13C6-γ-HCH 
Heptachlor epoxide  (isomer B) 1024-57-3 4.98 13C12-Methyl triclosan 
γ-Chlordane 5103-74-2 6.22 13C12-Methyl triclosan 
α-Endosulfan 959-98-8 3.83 13C6-γ-HCH 
α-Chlordane 5103-71-9 6.22 13C12-Methyl triclosan 
trans-Nonachlor 39765-80-5 6.35 13C12-Methyl triclosan 
Dieldrin 60-57-1 5.2 13C12-Methyl triclosan 
4,4'-DDE 72-55-9 6.51 13C12-Methyl triclosan 
Endrin 72-20-8 5.2 13C6-γ-HCH 
β-Endosulfan 33213-65-9 3.83 13C6-γ-HCH 
cis-Nonachlor 5103-73-1 6.35 13C12-Methyl triclosan 
4,4'-DDD 72-54-8 6.02* 13C12-Methyl triclosan 
Endrin aldehyde 7421-93-4 4.8* 13C12-Methyl triclosan 
Endosulfan sulfate 1031-07-8 3.66 13C12-Methyl triclosan 
4,4'-DDT 50-29-3 6.91 13C12-Methyl triclosan 
Endrin ketone 53494-70-5 4.99* 13C6-γ-HCH 
Methoxychlor 72-43-5 5.08 13C12-Methyl triclosan 
Methyl triclosan 4640-01-1 5.22* 13C12-Methyl triclosan 
    
PCB 8 34883-43-7 5.09 13C12-PCB 28 
PCB 18 37680-65-2 5.55 13C12-PCB 28 
PCB 28 7012-37-5 5.62 13C12-PCB 28 
PCB 52 35693-99-3 6.09 13C12-PCB 52 
PCB 44 41464-39-5 5.81 13C12-PCB 52 
PCB 66 32598-10-0 6.31 13C12-PCB 101 
PCB 101 37680-73-2 6.8 13C12-PCB 101 
PCB 81 70362-50-4 6.34* 13C12-PCB 101 
PCB 77 32598-13-3 6.63 13C12-PCB 153 
PCB 123  65510-44-3 6.98* 13C12-PCB 153 
242 
 
PCB 118 31508-00-6 7.12 13C12-PCB 153 
PCB 114 74472-37-0 6.98* 13C12-PCB 153 
PCB 153 35065-27-1 7.75 13C12-PCB 153 
PCB 105 32598-14-4 6.79 13C12-PCB 138 
PCB 138 35065-28-2 7.44 13C12-PCB 138 
PCB 126 57465-28-8 6.98* 13C12-PCB 138 
PCB 187 52663-68-0 8.27* 13C12-PCB 138 
PCB 128 38380-07-3 7.31 13C12-PCB 138 
PCB 167 52663-72-6 7.5 13C12-PCB 138 
PCB 156 38380-08-4 7.6 13C12-PCB 138 
PCB 157 69782-90-7 7.6 13C12-PCB 138 
PCB 180 35065-29-3 8.27* 13C12-PCB 180 
PCB 169 32774-16-6 7.41 13C12-PCB 180 
PCB 170 35065-30-6 8.27* 13C12-PCB 180 
PCB 189 39635-31-9 8.27* 13C12-PCB 180 
PCB 195 52663-78-2 8.91* 13C12-PCB 180 
PCB 206 40186-72-9 9.14 13C12-PCB 209 
PCB 209 2051-24-3 8.27 13C12-PCB 209 
    
15 m GC column    
1,3,5-Tribromobenzene (1,35-TrBBz) 626-39-1 4.51 13C6-Hexabromobenzene   
1,2,4,5-Tetrabromobenzene (1,2,4,5-TeBBz) 636-28-2 5.13 13C6-Hexabromobenzene   
Tetrabromoethylcyclohexane  (TBECH) 3322-93-8 5.24* 13C12-BDE 99 
Bis(4-chlorophenyl) sulfone (BCPS) 80-07-9 3.9* 13C12-BDE 47 
Pentabromotoluene (PBT) 87-83-2 6.99* 13C6Hexabromobenzene   
Pentabromoethylbenzene (PBEB) 85-22-3 7.48* 13C6-Hexabromobenzene   
Hexabromobenzene (HxBBz) 87-82-1 6.07 13C6-Hexabromobenzene   
PBB 153 59080-40-9 9.1* 13C12-BDE 153 
    
4,4'-DDT 50-29-3 6.91 13C12-BDE 153 
Methoxychlor 72-43-5 5.08 13C12-BDE 153 
    
BDE 28 41318-75-6 5.88* 13C12-BDE 47 
BDE 47 5436-43-1 6.77* 13C12-BDE 47 
BDE 100 189084-64-8 7.66* 13C12-BDE 99 
BDE 99 60348-60-9 6.84 13C12-BDE 99 
BDE 154 207122-15-4 8.55* 13C12-BDE 153 
BDE 153 68631-49-2 8.55* 13C12-BDE 153 
BDE 183 207122-16-5 9.44* 13C12-BDE 153 
1,2-Bis (2,4,6-tribromophenoxy)ethane 
(BTBPE) 
37853-59-1 9.15* 13C12-BDE 153 
syn-Dechlorane Plus (syn-DP) 135821-03-3 11.27* 13C12-BDE 153 
anti-Dechlorane Plus (anti-DP) 135821-74-8 11.27* 13C12-BDE 153 
    
LC column    
Triclosan 3380-34-5 4.76 13C12-Triclosan 
Tetrabromobisphenol A (TBBPA) 79-94-7 7.2* 13C12TBBPA 
α-Hexabromocyclododecane (α-HBCD) 134237-50-6 7.74* 13C12- γ-HBCD 
β-Hexabromocyclododecane (β-HBCD) 134237-51-7 7.74* 13C12- γ-HBCD 
γ-Hexabromocyclododecane (γ-HBCD) 134237-52-8 7.74* 13C12- γ-HBCD 











Appendix 12  EIC chromatography of HBCD isomers: a. C18 LC Column, 3.5 um 














Appendix 13  Absolute recoveries (AR, %) of spiked internal surrogate standards in 
sediment and biota samples 
Internal surrogate 
standards 

















Musk xylene-d15 58 16 76 8 111 8 107 22 
Tonalide- d3 64 6 63 8 76 13 78 18 
1,2,4-TriCBzd3 20 12 23 28 40 10 22 23 
13C6-1,2,3,4-TeCBz 34 12 36 11 47 8 31 15 
13C6--HCBz 60 9 61 10 64 6 59 14 
13C6-a-HCH 51 4 59 7 60 5 63 15 
13C6-r-HCH 56 6 64 7 64 8 70 14 
13C12-Methyl Triclosan 79 8 80 6 74 7 99 12 
13C12-PCB 28 61 5 63 7 61 4 66 14 
13C12-PCB 52 60 5 61 7 58 5 63 14 
13C12-PCB 101 65 8 66 8 63 6 71 13 
13C12-PCB 153 70 8 68 6 65 5 78 14 
13C12-PCB 138 67 8 69 7 66 5 80 13 
13C12-PCB 180 64 9 67 7 65 6 80 14 
13C12-PCB 209 55 9 60 6 61 8 72 16 
         
13C6--HBBz 45 8 53 10 57 4 73 17 
13C12-BDE 47 55 7 53 10 51 6 68 15 
13C12-BDE 99 67 7 65 10 62 4 81 16 
13C12-BDE 153 81 9 81 13 76 11 71 14 
         
13C12-Triclsoan 59 6 - - 93 5 - - 
13C12-TBBPA 79 7 - - 100 6 - - 














Certified Value (uncertainty), 
ng/g dw 
(n=5)  




PCB 8 22.3 (2.3) 20.5 (0.6) 92 
PCB 18 51 (2.6) 55.6 (2.2) 109 
PCB 28/31 80.8 (2.7) 174.0 (5.9) 108 
PCB 52 79.4 (2) 85.7 (3.1) 108 
PCB 44 60.2 (2) 65.7 (2.7) 109 
PCB 66 71.9 (4.3) 75.6 (3.0) 105 
PCB 101 73.4 (2.5) 67.6 (2.4) 92 
PCB 118 58 (4.3) 58.8 (2.7) 101 
PCB 153 74 (2.9) 79.3 (3.1) 107 
PCB 105 24.5 (1.1) 25.6 (1.0) 104 
PCB 138 62.1 (3) 49.8 (1.8) 80 
PCB 187 25.1 (1) 24.4 (0.5) 97 
PCB 128 8.47 (0.28) 10.2 (0.5) 120 
PCB 156 6.52 (0.66) 7.0 (0.4) 107 
PCB 180 44.3 (1.2) 43.5 (1.6) 98 
PCB 170 22.6 (1.4) 22.3 (0.8) 99 
PCB 195 3.75 (0.39) 3.4 (0.2) 89 
PCB 206 9.21 (0.51) 9.1 (0.4) 99 
PCB 209 6.81 (0.33) 6.6 (0.2) 97 
    
Hexachlorobenzene 6.03 (0.35) 5.3 (0.3) 88 
α-Chlordane 16.51 (0.83) 18.7 (1.2) 113 
trans-Nonachlor 8.2 (0.51) 10.9 (0.7) 132 
4,4’-DDT 119 (11) 96.0 (7.8) 81 
a Measured value is mean concentration observed for five independent replicate samples. Values in parentheses are 
standard deviations (SD). 
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Lipid Content  
Catfish, n=11 Grunter, n=5 Worm, n=3 Clam, n=8 
East Coast Sea East Coast Sea Mandai Mangrove Mandai Mangrove 
0.6 ± 0.5 0.3 ± 0.2 0.9 ± 0.2 0.8 ± 0.4 
Frequency, % Conc. a,, ng/g ww Frequency, % Conc. a, ng/g ww Frequency, % Conc. a, ng/g ww Frequency, % Conc. a, ng/g ww 
Celestolide 0 ND 0 ND 100 1.09 (0.62) 100 3.6 (1.2) 
Phantolide 0 ND 0 ND 0 ND 75 0.38 (0.15) 
Traesolide 0 ND 0 ND 0 ND 38 7.1 (2.6) 
Galaxolide 100 0.27 (0.29) 100 0.12 (0.11) 100 161.7 (72.5) 100 546.8 (220.3) 
Tonalide 100 0.034 (0.026) 80 0.044 (0.038) 100 27.8 (5.9) 100 71.0 (26.3) 
Musk xylene 0 ND 0 ND 67 0.49 (0.23) 100 1.8 (1.1) 
Musk ketone 0 ND 0 ND 100 4.20 (1.94) 100 16.9 (8.3) 
         
1,2,4-TrCBz 27 1.61 (1.76) 60 0.13 (0.053) 67 0.14 (0.03) 63 0.097 (0.023) 
1,2,3,5 & 1,2,4,5-TrCBz 55 0.007 (0.007) 40 0.002 (0.001) 100 0.008 (0.003) 100 0.006 (0.002) 
1,2,3,4-TeCBz 45 0.002 (0.001) 0 ND 100 0.005 (0.0004) 100 0.006 (0.003) 
PeCBz 36 0.006 (0.004) 0 ND 100 0.019 (0.002) 100 0.008 (0.003) 
HxCBz 64 0.01 (0.013) 0 ND 100 0.10 (0.077) 100 0.016 (0.008) 
α-HCH 0 ND 0 ND 100 0.021 (0.005) 100 0.019 (0.009) 
β-HCH 0 ND 0 ND 100 0.037 (0.01) 100 0.059 (0.031) 
γ-HCH 0 ND 0 ND 67 0.041 (0.005) 100 0.049 (0.018) 
δ-BHC 0 ND 0 ND 0 ND 25 0.021 (0.003) 
Heptachlor 0 ND 0 ND 67 0.002 (0.001) 100 0.009 (0.004) 
Heptachlor epoxide 9 0.008 20 0.004 100 0.066 (0.031) 100 0.11 (0.04) 
γ-Chlordane 27 0.025 (0.019) 60 0.014 (0.003) 100 0.7 (0.11) 100 1.1 (0.3) 
α-Chlordane 55 0.058 (0.036) 100 0.017 (0.006) 100 0.55 (0.10) 100 0.94 (0.23) 
Endosulfan I  0 ND 20 0.029 67 0.12 (0.001) 25 0.25 (0.058) 
Endosulfan sulfate 82 0.026 (0.036) 80 0.11 (0.17) 100 0.072 (0.015) 100 0.33 (0.035) 
trans-Nonachlor 73 0.13 (0.14) 80 0.058 (0.022) 100 0.75 (0.18) 100 0.64 (0.14) 
cis-Nonachlor 55 0.067 (0.046) 40 0.017 (0.009) 100 0.18 (0.045) 100 0.19 (0.021) 
4,4'-DDE 100 0.31 (0.34) 100 0.20 (0.11) 100 0.83 (0.15) 100 1.3 (0.23) 
4,4'-DDD 45 0.076 (0.060) 80 0.052 (0.039) 100 0.24 (0.074) 100 0.60 (0.12) 
4,4'-DDT 91 0.036 (0.038) 100 0.052 (0.051) 100 0.029 (0.012) 100 0.072 (0.03) 
Dieldrin 18 0.062 (0.009) 20 0.031 100 0.60 (0.10) 100 0.72 (0.39) 
         
PCB 8 36 0.001 (0.001) 40 0.001 (0.0001) 100 0.004 (0.002) 100 0.016 (0.01) 
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PCB 18 9 0.005 0 ND 100 0.021 (0.003) 100 0.052 (0.02) 
PCB 28 91 0.005 (0.005) 100 0.004 (0.002) 100 0.08 (0.019) 100 0.18 (0.052) 
PCB 52 91 0.013 (0.014) 100 0.007 (0.003) 100 0.067 (0.013) 100 0.14 (0.026) 
PCB 44 18 0.006 (0.001) 60 0.002 (0.0002) 100 0.023 (0.005) 100 0.061 (0.013) 
PCB 66 45 0.006 (0.01) 100 0.002 (0.001) 100 0.035 (0.009) 100 0.066 (0.014) 
PCB 101 91 0.027 (0.035) 100 0.018 (0.012) 100 0.064 (0.019) 100 0.051 (0.012) 
PCB 77 0 ND 0 ND 67 0.005 (0.002) 75 0.009 (0.002) 
PCB 123 91 0.044 (0.061) 80 0.032 (0.014) 100 0.022 (0.016) 100 0.075 (0.083) 
PCB 118 100 0.052 (0.063) 100 0.027 (0.016) 100 0.078 (0.028) 100 0.15 (0.047) 
PCB 153 100 0.21 (0.25) 100 0.13 (0.095) 100 0.22 (0.062) 100 0.19 (0.037) 
PCB 105 100 0.016 (0.018) 100 0.01 (0.006) 100 0.022 (0.008) 100 0.049 (0.016) 
PCB 138 100 0.10 (0.13) 100 0.072 (0.046) 100 0.15 (0.044) 100 0.16 (0.034) 
PCB 126 0 ND 0 ND 0 ND 25 0.001 (0.0001) 
PCB 187 91 0.06 (0.075) 100 0.062 (0.049) 100 0.045 (0.008) 100 0.052 (0.008) 
PCB 128 91 0.019 (0.021) 80 0.014 (0.008) 100 0.021 (0.009) 100 0.038 (0.009) 
PCB 167 27 0.012 (0.008) 60 0.005 (0.001) 100 0.005 (0.003) 88 0.002 (0.001) 
PCB 156 55 0.015 (0.013) 20 0.001 67 0.009 (0.002) 50 0.001 (0.0004) 
PCB 157 9 0.013 40 0.001 (0.001) 33 0.002 75 0.001 (0.0003) 
PCB 180 100 0.083 (0.11) 100 0.042 (0.032) 100 0.06 (0.016) 25 0.001 (0.0004) 
PCB 170 100 0.033 (0.043) 100 0.017 (0.015) 100 0.03 (0.012) 100 0.002 (0.001) 
PCB 189 18 0.003 (0.002) 0 ND 33 0.001 38 0.008 (0.001) 
PCB 195 36 0.009 (0.005) 0 ND 0 ND 0 ND 
PCB 206 36 0.008 (0.004) 0 ND 0 ND 0 ND 
PCB 209 27 0.005 (0.002) 0 ND 0 ND 0 ND 
         
1,2,4,5-TeBBz 0 ND 0 ND 67 0.005 (0.001) 38 0.001 (0.0003) 
HxBBz 0 ND 40 0.016 (0.009) 67 0.006 (0.002) 13 0.013 
BTBPE 0 ND 0 ND 0 ND 0 ND 
BDE 28 0 ND 0 ND 33 0.003 25 0.002 (0.0002) 
BDE-47 73 0.023 (0.008) 80 0.016 (0.007) 100 0.083 (0.009) 100 0.14 (0.043) 
BDE-100 64 0.016 (0.011) 40 0.006 (0.002) 100 0.014 (0.002) 100 0.036 (0.011) 
BDE-99 73 0.028 (0.017) 0 ND 100 0.044 (0.012) 0 ND 
BDE-154 9 0.020 0 ND 0 ND 13 0.001 
TBBPA 0 ND 0 ND 0 ND 0 ND 
α-HBCD 36 0.061 (0.027) 0 ND 100 0.26 (0.028) 63 0.97 (0.39) 
β-HBCD 0 ND 0 ND 33 0.046 0 ND 
γ-HBCD 0 ND 0 ND 67 0.13 (0.11) 13 0.100 
syn-DP 45 0.003 (0.002) 40 0.002 (0.001) 100 0.014 (0.003) 100 0.011 (0.006) 
anti-DP 73 0.005 (0.004) 40 0.002 (0.001) 100 0.021 (0.003) 100 0.014 (0.007) 
Triclosan 18 0.023 (0.005) 20 0.008 100 4.1 (1.7) 63 0.72 (0.35) 
MTCS 91 0.014 (0.018) 100 0.006 (0.003) 100 2.8 (0.29) 100 12.3 (5.3) 
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Appendix 15 - Continued 
 Mangrove Sediment (n=6)  Off-shore Sediment (n=6) 
Location Mandai Mangrove  East Coast 
TOC, % 2.9 ± 0.6  2.2 ± 0.2 
 Frequency, % Conc. a, ng/g dw  Frequency, % Conc. a, ng/g dw 
Celestolide 100 1.15 (0.149)  0 ND 
Phantolide 0 ND  0 ND 
Traesolide 100 0.933 (0.127)  0 ND 
Galaxolide 100 86.2 (11.3)  100 0.58 (0.29) 
Tonalide 100 26.8 (3.65)  100 0.18 (0.053) 
Musk xylene 0 ND  0 ND 
Musk ketone 100 1.88 (0.184)  100 0.022 (0.012) 
      
1,2,4-TrCBz 100 0.119 (0.053)  67 0.64 (0.029) 
1,2,3,5 & 1,2,4,5-TrCBz 100 0.005 (0.002)  67 0.003 (0.002) 
1,2,3,4-TeCBz 100 0.007 (0.001)  100 0.005 (0.002) 
PeCBz 100 0.012 (0.003)  67 0.011 (0.002) 
HxCBz 100 0.023 (0.004)  100 0.012 (0.006) 
α-HCH 100 0.01 (0.003)  0 ND 
β-HCH 100 0.049 (0.005)  0 ND 
γ-HCH 100 0.011 (0.003)  0 ND 
δ-BHC 0 ND  0 ND 
Heptachlor 33 0.002 (0.0001)  0 ND 
Heptachlor epoxide 100 0.021 (0.002)  0 ND 
γ-Chlordane 100 0.303 (0.032)  17 0.011 
α-Chlordane 100 0.211 (0.024)  0 ND 
Endosulfan I  0 ND  0 ND 
Endosulfan sulfate 100 0.089 (0.008)  0 ND 
trans-Nonachlor 100 0.154 (0.02)  17 0.01 
cis-Nonachlor 100 0.061 (0.007)  0 ND 
4,4'-DDE 100 0.497 (0.157)  100 0.017 (0.003) 
4,4'-DDD 100 0.218 (0.054)  50 0.019 (0.003) 
4,4'-DDT 100 0.054 (0.079)  100 0.014 (0.004) 
Dieldrin 100 0.139 (0.025)  0 ND 
      
PCB 8 100 0.003 (0.001)  67 0.002 (0.0002) 
PCB 18 100 0.009 (0.001)  83 0.002 (0.001) 
PCB 28 100 0.034 (0.005)  83 0.004 (0.001) 
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PCB 52 100 0.035 (0.007)  100 0.004 (0.002) 
PCB 44 100 0.013 (0.002)  67 0.003 (0.0001) 
PCB 66 100 0.021 (0.005)  67 0.002 (0.0004) 
PCB 101 100 0.04 (0.01)  83 0.006 (0.002) 
PCB 77 0 ND  0 ND 
PCB 123 100 0.007 (0.001)  0 ND 
PCB 118 100 0.044 (0.009)  100 0.007 (0.002) 
PCB 153 100 0.139 (0.036)  100 0.013 (0.004) 
PCB 105 100 0.016 (0.004)  100 0.003 (0.001) 
PCB 138 100 0.092 (0.021)  100 0.009 (0.003) 
PCB 126 0 ND  0 ND 
PCB 187 100 0.053 (0.016)  100 0.004 (0.001) 
PCB 128 100 0.017 (0.004)  50 0.002 (0.0003) 
PCB 167 100 0.004 (0.001)  0 ND 
PCB 156 100 0.007 (0.002)  33 0.002 (0.0002) 
PCB 157 100 0.002 (0.0005)  0 ND 
PCB 180 100 0.083 (0.028)  100 0.007 (0.002) 
PCB 170 100 0.044 (0.016)  83 0.005 (0.001) 
PCB 189 100 0.002 (0.0004)  0 ND 
PCB 195 100 0.005 (0.002)  0 ND 
PCB 206 100 0.006 (0.001)  0 ND 
PCB 209 100 0.007 (0.001)  17 0.002 
      
1,2,4,5-TeBBz 0 ND  0 ND 
HxBBz 17 0.175  0 ND 
BTBPE 83 0.057 (0.051)  33 0.13 (0.086) 
BDE 28 0 ND  0 ND 
BDE-47 100 0.021 (0.009)  33 0.002 (0.0002) 
BDE-100 0 ND  17 0.003 
BDE-99 67 0.01 (0.003)  50 0.009 (0.007) 
BDE-154 0 ND  0 ND 
TBBPA 100 0.139 (0.075)  67 0.056 (0.003) 
α-HBCD 100 0.341 (0.328)  17 0.027 
β-HBCD 100 0.052 (0.066)  0 ND 
γ-HBCD 100 0.132 (0.084)  100 0.044 (0.037) 
syn-DP 100 0.097 (0.044)  100 0.007 (0.002) 
anti-DP 100 0.112 (0.042)  100 0.038 (0.038) 
Triclosan 100 10.5 (1.3)  100 0.17 (0.082) 
MTCS 100 4.22 (1.04)  100 0.008 (0.003) 
a data are arithmetic mean, with standard deviation (SD) in parentheses; ND: not detected; musk ambrette, musk moskene, musk tibetten, 1,3,5-TrCBz, aldrin, endrin, endosulfan II, 
endrin aldehyde, endrin ketone, methyoxychlor, PCBs 81, 114 & 169, 1,3,5-TrBBz, TBECH, PBT, PBEB, PBB 153, BDEs 153 & 183 were not detected in any samples. 
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Appendix 16  Sample information, δ15N, δ13C and tropic levels-Sungei Buloh Wetland Reserve (SBWR) 
Common name Taxa Date Location Size & weight & No. a δ15N, ‰ δ13C, ‰ TL b TL c 
Sediment - 13/09/2012 SBWR 2 - 6.1  ± 0.2 -27.6  ± 0.1 0.7 1.0 
         
SPOM         
 Sample 1 02/09/2011 SBWR 1 - 6.9  ± 0.5 -25.3  ± 0.1 0.9 1.1  
 Sample 2 08/09/2011 SBWR 1 - 9.1  ± 0.05 -20.1  ± 0.09 1.5 1.4  
         
         
Common nerite * Nerita lineata, Family Neritidae 13/09/2012 SBWR 2 n=19 10.7  ± 0.2 -21.6  ± 0.07 2.0 2 
         
Rodong snail Telescopium telescopium, Family Potamididae        
 Sample 1 17/05/2012 SBWR 3 n=18 11.7  ± 0.04 -17.5  ± 0.02 2.3 2 
 Sample 2 13/09/2012 SBWR 3 n=13 11.3  ± 0.1 -17.8  ± 0.03 2.2 2 
         
Marine prawn Family Penaeidae        
 Sample 1 20/12/2011 SBWR 2 n=1 11.3  ± 0.06 -21.8  ± 0.3 2.2 2.2  
 Sample 2 13/09/2012 SBWR 3 n=1 11.8  ± 0.03 -19.7  ± 0.03 2.3 2.2  
         
Halfbeak Zenarchopterus buffoni, Family Hemiramphidae        
 Sample 1 02/09/2011 SBWR 1 n=5 12.8  ± 0.04 -22.5  ± 0.08 2.6 2.7  
 Sample 2 08/09/2011 SBWR 1 n=6 12.5  ± 0.01 -22.8  ± 0.02 2.5 2.6  
 Sample 3 08/09/2011 SBWR 1 n=6 13.6  ± 0.02 -21.9  ± 0.03 2.9 2.9  
 Sample 4 08/09/2011 SBWR 1 n=5 12.5  ± 0.2 -21.2  ± 0.09 2.5 2.5  
 Sample 5 17/05/2012 SBWR 2 n=4 12.7  ± 0.01 -22.3  ± 0.02 2.6 2.6  
         
Green chromide Etroplus suratensis, Family Cichlidae        
 Sample 1 08/09/2011 SBWR 1 12 cm, 43 g, n=1 12.5  ± 0.05 -19.5  ± 0.1 2.5 2.4  
 Sample 2 20/12/2011 SBWR 1 19 cm, 174 g, n=1 14.2  ± 0.08 -20.5  ± 0.04 3.0 3.0  
 Sample 3 17/05/2012 SBWR 3 13 cm, 52 g, n=1 13.3  ± 0.06 -19.0  ± 0.02 2.8 2.6  
         
Tropical silverside Atherinomorus duodecimalis, Family Atherinidae        
 Sample 1 02/09/2011 SBWR 1 9 cm, 13.1 g, n=1 14.0  ± 0.01 -20.2  ± 0.02 3.0 2.9  
 Sample 2 08/09/2011 SBWR 1 8 cm, 9 g, n=1 12.4  ± 0.1 -19.4  ± 0.01 2.5 2.4  
         
Elongate Illisha shad Liisha elongate, Family Pristiqasteridae 08/09/2011 SBWR 1 n=1 14.4  ± 0.1 -19.6  ± 0.2 3.1 3.0  
         
Glass perchlet Ambassis kopsii Bleeker, Family Chandidae        
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 Sample 1 02/09/2011 SBWR 1 n=3 15.0  ± 0.03 -18.6  ± 0.07 3.3 3.1  
 Sample 2 08/09/2011 SBWR 1 n=9 15.0  ± 0.1 -19.3  ± 0.03 3.3 3.1  
         
Milkfish Chanos chano, Family Chanidae        
 Sample 1 17/05/2012 SBWR 2 38 cm, 750 g, n=1 11.5  ± 0.03 -18.4  ± 0.01 2.2 2.0  
 Sample 2 17/05/2012 SBWR 3 30 cm, 251 g, n=1 12.6  ± 0.06 -18.8  ± 0.03 2.6 2.4  
 Sample 3 17/05/2012 SBWR 3 30 cm, 252 g, n=1 12.9  ± 0.02 -19.3  ± 0.01 2.7 2.5  
 Sample 4 17/05/2012 SBWR 3 27 cm, 159 g, n=1 12.2  ± 0.01 -18.8  ± 0.04 2.4 2.3  
         
Mullet Family Mugilidae        
 Sample 1 20/12/2011 SBWR 1 36 cm, 450 g, n=1 12.5  ± 0.02 -20.4  ± 0.02 2.5 2.4  
 Sample 2 13/09/2012 SBWR 3 39 cm, 1000 g, n=1 12.7  ± 0.04 -19.7  ± 0.02 2.6 2.5  
 Sample 3 13/09/2012 SBWR 3 38 cm, 750 g, n=1 12.1  ± 0.07 -19.6  ± 0.06 2.4 2.3  
         
Segmented worm Capitella sp., Family Capitellidae        
 Sample 1 27/09/2012 SBWR 3 n>20 10.8  ± 0.03 -20.4  ± 0.02 2.0 2.0  
 Sample 2 27/09/2012 SBWR 2 n>20 12.2  ± 0.02 -23.0  ± 0.1 2.4 2.5  
         
Tilapia Oreochromis mossambicus, Family Cichlidae 20/12/2011 SBWR 1 40 cm, 805 g, n=1 11.9  ± 0.01 -19.7  ± 0.02 2.3 2.2  
         
Golden flathead goby Glossogobius aureus, Family Gobiidae        
 Sample 1 13/09/2012 SBWR 3 23 cm, 107 g, n=1 14.6  ± 0.02 -19.1  ± 0.02 3.1 3.0  
 Sample 2 13/09/2012 SBWR 3 19 cm, 54 g, n=1 13.9  ± 0.08 -19.7  ± 0.03 2.9 2.8  
         
Small crab         
 Paracleistostoma depressum 27/09/2012 SBWR 3 n=1 10.6  ± 0.2 -19.6  ± 0.07 2.0 1.9  
 Perisesarma sp. 27/09/2012 SBWR 3 n=1 11.1  ± 0.05 -18.1  ± 0.01 2.1 1.9  
 Parasesarma sp. 27/09/2012 SBWR 3 n=1 10.6  ± 0.2 -17.1  ± 0.05 2.0 1.7  
         
Tree climbing crab d Unidentified 27/09/2012 SBWR 2 n=1 7.8  ± 0.09 -26.3  ± 0.02 1.1/2.5 1.4  
Note: one sample was analyzed three time for stable isotope analysis (mean ± SD); a. No. refers to the numbers of individuals pooled as one sample; b. TL estimated according to 
equation 1 (single carbon source); c. TL estimated according to equation 2 (two carbon sources); d. TL estimated using Sonneratia leaf as nitrogen baseline; * nitrogen baseline in 






Appendix 17  Sample information, δ15N, δ13C and tropic levels-Sungei Mandai Wetland (SMW) 
Common name Taxa Date Location Size & weight & No. a δ15N, ‰ δ13C, ‰ TL b 
Sediment - 19/05/2011 SMW 1 - 9.2  ± 0.2 -27.4  ± 0.08 0.8 
        
Bakau leaf Rhizophora sp. Family Rhizophoraceae 10/05/2011 SMW 1 n=1 2.7  ± 0.2 -29.7  ± 0.1 1.0 
        
Sonneratia leaf Sonneratia sp.  Famly Lythraceae 10/05/2011 SMW 1 n=1 2.6  ± 0.07 -29.7  ± 0.02 1.0 
        
Tree climbing crabs 
c 
Unidentified   n=1 7.4  ± 0.05 -23.8  ± 0.01 2.4 
        
Common nerite * Nerita lineata, Family Neritidae       
 Sample 1 21/07/2011 SMW 3 n=27 12.6  ± 0.4 -20.1  ± 0.2 2.0 
 Sample 2 15/09/2011 SMW 1 n=15 13.6  ± 0.07 -19.4  ± 0.07 2.0 
 Sample 3 15/09/2011 SMW 2 n=16 13.4  ± 2.3 -20.6  ± 0.9 2.0 
        
Venus clams Marcia marmorata, Family Veneridae       
 Sample 1 09/05/2011 SMW 1 n=13 15.9  ± 0.2 -19.9  ± 0.05 2.8 
 Sample 2 09/05/2011 SMW 2 n=10 15.4  ± 0.04 -19.4  ± 0.05 2.6 
 Sample 3 09/05/2011 SMW 3 n=10 15.7  ± 0.02 -19.4  ± 0.05 2.7 
 Sample 4 19/12/2011 SMW 1 n=26 15.2  ± 0.1 -20.5  ± 0.2 2.6 
 Sample 5 19/12/2011 SMW 2 n=19 15.6  ± 0.2 -19.6  ± 0.4 2.7 
        
Acorn barnacle Balanus sp., Family Balanidae       
 Sample 1 09/05/2011 SMW 1 n>100 15.5  ± 0.02 -18.1  ± 0.04 2.7 
 Sample 2 09/05/2011 SMW 3 n>100 14.9  ± 0.03 -16.2  ± 0.09 2.5 
 Sample 3 15/09/2011 SMW 2 n=156 14.9  ± 0.04 -19.5  ± 0.03 2.5 
        
Small crab        
 
Parasesarma sp./Paracleistostoma 
depressum 10/05/2011 SMW 1 n=1 17.8  ± 0.3 -21.7  ± 0.4 3.4 
 
Parasesarma sp./Paracleistostoma 
depressum 21/07/2011 SMW 3 n=1 17.4  ± 0.8 -19.7  ± 0.2 3.2 
 Parasesarma sp./Perisesarma sp. 19/12/2011 SMW 1 n=1 16.0  ± 0.3 -20.4  ± 0.2 2.8 
        
Stone crab Myomenippe harwicki, Family Eriphiidae       
 Sample 1 09/05/2011 SMW 2 n=1 16.8  ± 0.05 -19.6  ± 0.03 3.1 
 Sample 2 09/05/2011 SMW 2 n=1 18.0  ± 0.05 -18.3  ± 0.01 3.4 
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Segmented worm Capitella sp., Family Capitellidae 21/07/2011 SMW 3 n>20 15.0  ± 0.03 -21.8  ± 0.02 2.5 
        
Mayan cichlid Cichlasoma urophthalmum       
 Sample 1 12/01/2012 SMW 2 n=1 18.0  ± 0.5 -20.6  ± 0.3 3.4 
 Sample 2 12/01/2012 SMW 2 n=1 17.4  ± 0.02 -19.5  ± 0.02 3.2 
 Sample 3 19/01/2012 SMW 2 n=1 16.6  ± 0.02 -21.0 ± 0.01 3.0 
        
Tilapia        
Mozambique Tilapia  Oreochromis mossambicus 12/01/2012 SMW 2 n=1 17.5  ± 0.04 -20.3  ± 0.8 3.3 
Nile Tilapia  Oreochromis niloticus 12/01/2012 SMW 2 n=1 18.0  ± 0.02 -19.7  ± 0.02 3.4 
Nile Tilapia  Oreochromis niloticus 19/01/2012 SMW 2 n=1 18.1  ± 0.03 -19.9  ± 0.03 3.4 
Note: one sample was analyzed three time for stable isotope analysis (mean ± SD); a. No. refers to the numbers of individuals pooled as one sample; b. TL estimated according to 














Appendix 18  Sample information, δ15N, δ13C and tropic levels-East Coast Sea 
Common name Taxa Date Location Size & weight & No. a δ15N, ‰ δ13C, ‰ TL b 
        
Sediment * - - - - 5.1  ± 0.2 -23.4  ± 0.1 1.0 
        
Bamboo shark Chiloscyllium indicum       
 Sample 1 05/04/2012 01-19-106N, 104-02-667E, 20 m 32 cm, 500 g, n=1 12.4  ± 0.03 -16.6  ± 
0.003 
3.2 
 Sample 2 05/04/2012 near P. Ubin Island 30 cm, 400 g, n=1 12.0  ± 0.01 -16.8  ± 0.04 3.0 
 Sample 3 17/10/2012 01-19-279N, 104-02-582E, 14.2 m 52 cm, 500 g, n=1 11.9  ± 0.02 -16.2  ± 0.02 3.0 
        
Stingray Family Dasyatidae 23/02/2012 01-19-357N, 104-03-872W 46 cm with tail, 190 g, 
n=1 
12.2  ± 0.1 -16.4  ± 0.03 3.1 
        
Marine catfish Family Ariidae       
 Sample 1 05/04/2012 01-19-106, 104-02-667, 20 m 41 cm, 1000 g, n=1 12.5  ± 0.02 -16.8  ± 0.03 3.2 
 Sample 2 01/06/2012 01-19-282N, 104-03-588E, 20 m 35 cm, 500 g, n=1 13.3  ± 0.01 -16.4  ± 0.01 3.4 
 Sample 3 01/06/2012 01-19-535N, 104-03-184E, 16 m 65 cm, 5000 g, n=1 12.4  ± 0.004 -16.5  ± 0.01 3.1 
 Sample 4 17/10/2012 01-19-279N, 104-02-582E, 14.2 m 60 cm, 3000 g, n=1 13.0  ± 0.02 -16.2  ± 0.02 3.3 
        
Pike conger eel Muraenesox sp.       
 Sample 1 23/02/2012 01-19-102N, 104-02-720W 96 cm, 1500 g, n=1 13.9  ± 0.02 -16.1  ± 0.03 3.6 
 Sample 2 05/04/2012 01-19-486N, 104-03-160E, 17 m 112 cm, 2200 g, n=1 14.0  ± 0.02 -16.0  ± 
0.004 
3.6 
 Sample 3 05/04/2012 01-19-486N, 104-03-160E, 17 m 112 cm, 2200 g, n=1 14.0  ± 0.03 -16.2  ± 0.01 3.6 
 Sample 4 01/06/2012 01-19-912N, 104-02-380E, 9 m 104 cm, 2500 g, n=1 13.4  ± 0.01 -16.8  ± 0.01 3.4 
 Sample 5 01/06/2012 01-19-535N, 104-03-184E, 16 m 60 cm, 500 g, n=1 12.7  ± 0.02 -16.4  ± 0.02 3.2 
 Sample 6 17/10/2012 01-19-480N, 104-03-525E, 19.4 m 58 cm, 500 g, n=1 12.9  ± 0.01 -16.4  ± 0.01 3.3 
        
Snapper Lutjanus johnii       
 Sample 1 25/04/2012 01-22-102N, 104-01-319E, 12 m 32 cm, 600 g, n=1 14.8  ± 0.004 -16.9  ± 0.01 3.9 
 Sample 2 01/06/2012 01-19-156N, 104-02-620E, 7.3 m 32 cm, 500 g, n=1 13.2  ± 0.01 -16.4  ± 0.01 3.4 
        
Grunter Pomadasys aurita        
 Sample 1 23/02/2012 01-19-189N, 104-02-672W 26 cm, 300 g, n=1 15.1  ± 0.02 -16.3  ± 0.01 3.9 
 Sample 2 05/05/2012 01-19-486N, 104-03-160E, 17 m 30 cm, 600 g, n=1 14.9  ± 0.002 -16.3  ± 0.03 3.9 
 Sample 3 01/06/2012 01-19-156N, 104-02-620E, 7.3 m 45 cm, 1500 g, n=1 14.2  ± 0.02 -15.1  ± 0.03 3.7 
 Sample 4 17/10/2012 01-20-613N, 104-03-346E, 14.4m 33 cm, 700 g, n=1 13.5  ± 0.03 -15.7  ± 0.02 3.5 
Note: one sample was analyzed three time for stable isotope analysis (mean ± SD); a. No. refers to the numbers of individuals pooled as one sample; b. TL estimated according to 
equation 1 (single carbon source); * nitrogen baseline in equation 1 for estimating tropic level. 
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Appendix 19  Sample information, δ15N, δ13C and tropic levels-Birds from Jurong Bird Park 
Common name Taxa δ15N, ‰ δ13C, ‰ TL a 
Sediment * - 5.1  ± 0.2 -23.4  ± 0.1 1.0 
     
Asian koel Eudynamys scolopaceus 4.8  ± 0.06 -23.2  ± 0.05 0.9 
     
Little Bittern  Lxobrychus minutus    
 Sample 1 8.1  ± 0.2 -23.3  ± 0.1 1.9 
 Sample 2 10.7  ± 0.04 -24.1  ± 0.05 2.6 
     
Black Bittern Lxobrychus flavicollis    
 Sample 1 9.6  ± 0.01 -23.9  ± 0.01 2.3 
 Sample 2 9.6  ± 0.01 -21.2  ± 0.01 2.3 
     
Little egret  Egretta garzetta 9.5  ± 0.02 -26.4  ± 0.05 2.3 
     
Cattle egret Bubulcus ibis 9.4  ± 0.09 -15.0  ± 0.07 2.3 
     
Brahminy kite Haliastur indus 12.2  ± 0.02 -27.0  ± 0.05 3.1 
     
Collared kingfisher Todiramphus chloris 9.5  ± 0.003 -23.1  ± 0.02 2.3 
     
White throated 
kingfisher 
Halcyon smyrnensis 10.4  ± 0.02 -17.5  ± 0.03 2.6 
     
Malay fish owl Ketupa ketupu 15.0  ± 0.04 -23.0  ± 0.05 3.9 
     
Changeable hawk eagle Nisaetus cirrhatus 8.0  ± 0.03 -21.7  ± 0.05 1.9 
     
White bellied sea eagle Haliaeetus leucogaster 15.9  ± 0.01 -15.4  ± 0.03 4.2 
Note: one sample was analyzed three time for stable isotope analysis (mean ± SD);  
a. TL estimated according to equation 1 (single carbon source);  





Appendix 20  Species, body length, body weight and lipid weight of fish samples collected in East Coast Sea, Singapore 


















180B N 01-19-357, E 104-03-872 120223 1 21/46 with 
tail 
190 9.92 46.10 0.46 





316B N 01-19-106, E 104-02-667, 20 m 120405 1 32 500 10.44 18.10 0.17 
  317B East Coast, near P. Ubin Island 120405 1 30 400 10.31 15.92 0.15 
  387B N 01-19-279, E 104-02-582, 14.2 m 121017 1 52 500 10.49 21.36 0.20 
           
Marine 
catfish 
Family Ariidae 313B-1 N 01-19-106, E 104-02-667, 20 m 120405 1 39 700 10.91 50.14 0.46 
  313B-2 N 01-19-106, E 104-02-667, 20 m 120405 1 41 1000 10.52 25.84 0.25 
  313B-3 N 01-19-106, E 104-02-667, 20 m 120405 1 38 800 10.12 27.72 0.27 
  348B N 01-21-999, E 104-01-449, 14 m 120601 1 25  10.22 89.80 0.88 
  349B N 01-21-999, E 104-01-449, 14 m 120601 1 22 150 10.88 228.96 2.10 
  350B N 01-19-282, E 104-03-588, 20 m 120601 1 35 500 9.52 42.78 0.45 
  351B N 01-19-282, E 104-03-588, 20 m 120601 1 34 500 10.38 68.96 0.66 
  352B N 01-19-156, E 104-02-620, 7.3 m 120601 1 49 1500 9.79 39.36 0.40 
  353B N 01-19-535, E 104-03-184, 16 m 120601 1 65 5000 10.83 26.52 0.24 
  382B N 01-19-480, E 104-03-525, 19.4 m 121017 1 65 3500 9.58 21.80 0.23 
  388B N 01-19-279, E 104-02-582, 14.2 m 121017 1 60 3000 9.91 23.04 0.23 
           
Pike conger 
eel 
Muraenesox sp. 181B N 01-19-102, E 104-02-720 120223 1 - - 10.00 24.36 0.24 
  314B-1 N 01-19-486, E 104-03-160, 17 m 120405 1 122 2800 9.95 45.92 0.46 
  314B-2 N 01-19-486, E 104-03-160, 17 m 120405 1 112 2200 9.57 14.44 0.15 
  314B-3 N 01-19-486, E 104-03-160, 17 m 120405 1 105 1900 10.69 195.06 1.82 
  314B-4 N 01-19-486, E 104-03-160, 17 m 120405 1 105 2000 9.62 19.02 0.20 
  314B-5 N 01-19-486, E 104-03-160, 17 m 120405 1 103 1900 11.06 21.68 0.20 
  354B N 01-19-912, E 104-02-380, 9 m 120601 1 104 2500 9.98 14.20 0.14 
  355B N 01-19-535, E 104-03-184, 16 m 120601 1 60 500 10.18 26.10 0.26 
  356B N 01-19-535, E 104-03-184, 16 m 120601 1 80 1000 10.41 28.62 0.28 
  357B N 01-19-535, E 104-03-184, 16 m 120601 1 70 600 10.49 18.18 0.17 
  380B N 01-19-480, E 104-03-525, 19.4 m 121017 1 85 1000 10.30 13.20 0.13 
  381B N 01-19-480, E104-03-525, 19.4 m 121017 1 58 500 9.81 28.80 0.29 
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  383B N 01-19-279, E 104-02-582, 14.2 m 121017 1 55 500 10.11 19.40 0.19 
  384B N 01-19-279, E 104-02-582, 14.2 m 121017 1 70 700 9.86 20.00 0.20 
           
           
Snapper Lutjanus johnii 315B-1 N 01-22-102, E 104-01-319, 12 m 120405 1 32 500 9.42 18.42 0.20 
  315B-2 N 01-22-102, E 104-01-319, 12 m 120405 1 32 600 9.25 17.06 0.18 
  359B N 01-19-156, E 104-02-620, 7.3 m 120601 1 32 500 10.39 17.40 0.17 
           
Grunter Pomadasys 182B N 01-19-102, E 104-02-720 120223 1 29 326 9.11 53.28 0.58 
  183B N 01-19-189, E 104-02-672 120223 1 26 300 10.24 39.14 0.38 
  318B N 01-19-486, E 104-03-160, 17 m 120405 1 30 600 9.65 29.02 0.30 
  358B N 01-19-156, E 104-02-620, 7.3 m 120601 1 45 1500 9.74 11.20 0.11 





Appendix 21  Equations for calculating fugacity of organic contaminant in water, 
sediment, phytoplankton and biota samples 
Parameters Values/Equations 
H, Henry's law constant, Pa m3/mol -  
R, ideal gas constant, Pa m3/ (K mol) 8.314 
T, absolute temperature, K 298 
KOW, octanol-water partition coefficient, unitless - 
KOC, organic carbon-water partition coefficient, L/kg              
ZW, fugacity capacity in freely dissolved water, mol/(m
3 Pa)         
ZLipid or ZO, fugacity capacity in lipid or octanol, mol/(m
3 Pa)               or               
ZOC, fugacity capacity in organic carbon, mol/(m
3 Pa)                 
or 
                   
 
  
  , lipid density, kg/L 1 
   , organic carbon density, kg/L - 
CW, concentration in freely dissolved water, mol/m
3 - 
CLipid wt, concentration in tissue, mol/kg lipid wt - 
COC wt, concentration in sediment, mol/kg organic carbon wt - 
  
  , fugacity in freely dissolved water, Pa           
      , fugacity in lipid, Pa        (                )         
or 
       (                  )      
   , fugacity in organic carbon, Pa     (              )      
or 
    (            ) (        )  
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Appendix 22  Occurrence of HOCs in Singapore marine environment, seawater (pg/L), sediment & phytoplankton (ng/g dry weight), 
fish (ng/g wet weight) 
Sample Seawater, dissolved phase 
(filtrate) 
Seawater, particulate associated 
phase (filter) 
Marine sediment Phytoplankton Eel 
Moisture cont., % - - 49.2 ± 15 84.5 ± 5.4 - 
TOC cont., % - - 2.3 ± 0.7 12.9 ± 3.8 - 
Lipid cont., % - - - - 0.3 ± 0.4 
Number n=24 (n=18 for BFRs & 
CFRs) 
n=24 (n=18 for BFRs & CFRs) n=24 n=16 (n=9 for LC) n=14 (n=12 for LC) 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 83 34.9  9.2-132.8 0 ND - 8 0.206  - 0 ND - 0 ND - 
Phantolide 13 33.2  19.7-55.8 0 ND - 0 ND - 0 ND - 0 ND - 
Traesolide 0 ND - 0 ND - 0 ND - 13 1.45  - 0 ND - 
Galaxolide 100 1351.8  334.2-
5467.7 
58 54 7-414.9 92 0.376  0.048-
2.92 




Tonalide 100 194.7  45.8-827.3 63 25.8  9.3-71.5 96 0.134  0.017-
1.05 




Musk ambrette 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk moskene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone 88 145 44.4-473.7 0 ND - 79 0.017  0.003-
0.102 
75 0.212  0.026-
1.72 
0 ND - 
                
1,3,5-TrCBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 0 ND - 0 ND - 46 0.417  0.084-
2.06 




0 ND - 0 ND - 29 0.003  0.001-
0.008 
0 ND - 29 0.001 0.0002-
0.006 
1,2,3,4- TeCBz 0 ND - 0 ND - 63 0.003  0.001-
0.015 
38 0.017  0.001-
0.241 
14 0.001 - 
PeCBz 0 ND - 0 ND - 54 0.006  0.001-
0.027 
56 0.027  0.004-
0.209 
14 0.004 - 
HCBz 88 6  0.9-40.7 0 ND - 75 0.006  0.001-
0.039 




α-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
β-HCH 25 21.5  13.9-33.4 0 ND - 0 ND - 0 ND - 0 ND - 
γ-HCH 17 19.8  14-28.1 0 ND - 0 ND - 0 ND - 0 ND - 
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δ-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor 0 ND - 0 ND - 0 ND - 0 ND - 7 0.002 - 
Heptachlor epoxide 13 2.7  1.6-4.5 0 ND - 0 ND - 13 0.031  - 14 0.004 - 
Aldrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane 33 5.6  1.6-19 13 4.1  2.6-6.6 13 0.01 0.007-
0.012 








α-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
β-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 








Dieldrin 0 ND - 0 ND - 4 0.02 - 0 ND - 14 0.031 - 
Endrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE 42 2.4  1.6-3.8 0 ND - 96 0.016  0.001-
0.178 




4,4'-DDD 0 ND - 0 ND - 63 0.039  0.006-
0.239 




4,4'-DDT 0 ND - 0 ND - 96 0.011  0.001-
0.139 








Methoxychlor  0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
                
PCB 8 0 ND - 0 ND - 63 0.003  0.001-
0.008 




PCB 18 0 ND - 4 1.4  - 79 0.003  0.001-
0.01 
44 0.024  0.004-
0.144 
7 0.001 - 
PCB 28 25 3.1  2.2-4.4 4 1.1  - 88 0.005  0.001-
0.031 




PCB 52 13 3 2.6-3.4 4 9.4  - 92 0.005  0.001-
0.017 




PCB 44 0 ND - 0 ND - 63 0.002  0.001-
0.006 




PCB 66 8 2.1  - 0 ND - 83 0.003  0.001-
0.01 




PCB 101 0 ND - 0 ND - 88 0.007  0.002- 81 0.056  0.012- 100 0.03 0.006-
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0.024 0.26 0.15 
PCB 81 13 2.8  2.2-3.7 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 77 13 3.8  2.3-6.2 0 ND - 0 ND - 0 ND - 14 0.002 - 
PCB 123 0 ND - 0 ND - 4 0.003  - 0 ND - 100 0.029 0.003-
0.293 
PCB 118 4 2.1  - 0 ND - 96 0.007  0.002-
0.025 




PCB 114 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 38 2.1  1.3-3.3 0 ND - 100 0.013  0.002-
0.091 




PCB 105 13 2.8  2.1-3.9 0 ND - 88 0.003  0.001-
0.006 




PCB 138 4 3.6  - 0 ND - 96 0.009  0.002-
0.043 




PCB 126 33 3.2  1.7-6.2 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 187 17 1.9  0.7-5.2 0 ND - 92 0.005  0.001-
0.029 




PCB 128 21 3.4  1.8-6.5 0 ND - 75 0.002  0.001-
0.008 




PCB 167 38 1.9  1.1-3.1 0 ND - 4 0.003  - 6 0.013  - 93 0.004 0.001-
0.024 
PCB 156 42 2.3  1.3-4.2 0 ND - 33 0.002  0.0005-
0.01 
6 0.017  - 86 0.01 0.002-
0.061 
PCB 157 25 2.2  1.1-4.3 0 ND - 0 ND - 0 ND - 50 0.004 0.001-
0.016 
PCB 180 4 2.1  - 0 ND - 100 0.008  0.001-
0.057 




PCB 169 33 2.7  1.3-5.6 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 38 2.3  1.2-4.4 0 ND - 88 0.005  0.001-
0.025 




PCB 189 46 2.1  1-4.4 0 ND - 0 ND - 0 ND - 29 0.003 0.0003-
0.021 
PCB 195 21 1.9  1.5-2.4 0 ND - 13 0.003  0.001-
0.007 
6 0.014  - 36 0.005 0.001-
0.027 
PCB 206 46 1.9  1.1-3.4 0 ND - 13 0.002  0.002-
0.003 
0 ND - 21 0.005 0.0003-
0.081 
PCB 209 38 1.4  0.6-3.3 0 ND - 21 0.002  0.001-
0.002 
0 ND - 36 0.003 0.001-
0.016 
                
1,3,5-TrBBz 61 1.4  0.5-4.2 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz 6 1.1  - 0 ND - 0 ND - 0 ND - 0 ND - 
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TBECH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBT 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
HBBz 33 138.9  86.1-224 22 22.6  6.4-80.3 8 0.022  - 0 ND - 21 0.014 0.005-
0.038 
PBB153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 47 11 5.5  - 0 ND - 13 0.002  0.002-
0.003 




BDE 100 17 3.7  2.7-5.1 0 ND - 13 0.002  0.002-
0.003 




BDE 99 6 9 - 0 ND - 29 0.006  0.001-
0.046 




BDE 154 0 ND - 0 ND - 0 ND - 0 ND - 14 0.019 - 
BDE 153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE 0 ND - 0 ND - 25 0.071  0.017-
0.302 
6 1.01 - 0 ND - 
syn-DP 6 2.4  - 11 5.9  - 96 0.005  0.001-
0.018 




anti-DP 22 7.1  1.8-28.8 11 3.8  - 100 0.016  0.003-
0.095 




                
Methyl triclosan 100 14.8  5-44.2 4 2.7  - 88 0.004  0.001-
0.014 




Triclosan - - - - - - 88 0.082  0.016-
0.428 




TBBPA - - - - - - 75 0.041  0.018-
0.095 
44 1.22  0.029-
51.8 
0 ND - 
α-HBCD - - - - - - 17 0.029  0.01-
0.087 




β-HBCD - - - - - - 4 0.022  - 0 ND - 0 ND - 
γ-HBCD - - - - - - 79 0.044  0.003-
0.635 
33 0.411  0.276-
0.613 
0 ND - 





Appendix 22 - Continued 
Sample Catfish Shark Stingray Snapper Grunter 
Moisture cont., % - - - - - 
TOC cont., % - - - - - 
Lipid cont., % 0.6 ± 0.5 0.2 ± 0.02 0.5 0.2 ± 0.01 0.3 ± 0.2 
Number n=11 n=3 n=1 n=3( n=1 for LC) n=5 (n=4 for LC) 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Phantolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Traesolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Galaxolide 100 0.191 0.041-0.886 100 0.195 0.124-
0.307 
100 0.215 - 100 0.175 0.051-0.603 100 0.083 0.014-0.496 
Tonalide 100 0.028 0.008-0.099 100 0.039 0.024-
0.064 
100 0.065 - 100 0.021 0.002-0.277 80 0.033 0.007-0.164 
Musk ambrette 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene 0 ND - 0 ND - 0 ND - 33 0.004 - 0 ND - 
Musk moskene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone 0 ND - 0 ND - 0 ND - 33 0.018 - 0 ND - 
                
1,3,5-TrCBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 27 0.681 0.022-21.2 0 ND - 0 ND - 100 0.083 0.054-0.13 60 0.116 0.041-0.324 
1,2,3,5 & 1,2,4,5-
TeCBz 
55 0.005 0.001-0.026 33 0.007 - 0 ND - 0 ND - 40 0.002 - 
1,2,3,4- TeCBz 45 0.002 0.0004-
0.006 
33 0.002 - 0 ND - 0 ND - 0 ND - 
PeCBz 36 0.005 0.001-0.028 0 ND - 0 ND - 0 ND - 0 ND - 
HCBz 64 0.005 0.0004-
0.065 
0 ND - 0 ND - 33 0.001 - 0 ND - 
α-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
β-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
δ-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor epoxide 9 0.008 - 0 ND - 0 ND - 0 ND - 20 0.004 - 
Aldrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane 27 0.011 0.0002-
0.736 
0 ND - 0 ND - 0 ND - 60 0.013 0.008-0.023 
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α -Chlordane 55 0.044 0.007-0.269 33 0.007 - 0 ND - 67 0.009 - 100 0.016 0.007-0.038 
α-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 20 0.029 - 
β-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
trans-Nonachlor 73 0.07 0.007-0.726 33 0.018 - 0 ND - 100 0.019 0.013-0.028 80 0.053 0.019-0.146 
cis-Nonachlor 55 0.049 0.008-0.291 0 ND - 0 ND - 33 0.01 - 40 0.014 - 
Dieldrin 18 0.061 - 0 ND - 0 ND - 33 0.011 - 20 0.031 - 
Endrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE 100 0.159 0.015-1.7 100 0.042 0.027-
0.064 
0 ND - 100 0.047 0.022-0.101 100 0.157 0.029-0.844 
4,4'-DDD 45 0.052 0.007-0.388 33 0.009 - 0 ND - 33 0.011 - 80 0.04 0.008-0.202 
4,4'-DDT 91 0.023 0.004-0.154 100 0.007 0.005-
0.01 
0 ND - 100 0.008 0.004-0.017 100 0.027 0.002-0.468 
Endosulfan sulfate 82 0.013 0.001-0.124 67 0.02 - 0 ND - 67 0.022 - 80 0.025 0.0005-
1.315 
Methoxychlor  0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
                
PCB 8 36 0.001 0.0002-
0.002 
33 0.001 - 0 ND - 67 0.001 - 40 0.001 - 
PCB 18 9 0.005 - 0 ND - 0 ND - 33 0.004 - 0 ND - 
PCB 28 91 0.003 0.0003-
0.028 
67 0.001 - 100 0.001 - 100 0.003 0.001-0.016 100 0.003 0.001-0.011 
PCB 52 91 0.008 0.001-0.063 100 0.002 0.001-
0.009 
0 ND - 100 0.004 0.002-0.008 100 0.006 0.002-0.018 
PCB 44 18 0.006 - 0 ND - 0 ND - 67 0.002 - 60 0.002 0.002-0.003 
PCB 66 45 0.002 0.0001-
0.036 
67 0.002 - 0 ND - 100 0.002 0.001-0.007 100 0.002 0.001-0.006 
PCB 101 91 0.016 0.002-0.115 100 0.008 0.002-
0.026 
0 ND - 100 0.006 0.004-0.009 100 0.014 0.003-0.064 
PCB 81 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 77 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 123 91 0.02 0.002-0.231 100 0.01 0.002-
0.041 
100 0.013 - 100 0.002 0.0003-
0.014 
80 0.027 0.007-0.111 
PCB 118 100 0.025 0.002-0.306 100 0.01 0.003-
0.04 
100 0.014 - 100 0.009 0.005-0.018 100 0.022 0.004-0.111 
PCB 114 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 100 0.1 0.007-1.377 100 0.043 0.027-
0.068 
100 0.076 - 100 0.042 0.033-0.054 100 0.092 0.011-0.772 
PCB 105 100 0.008 0.001-0.087 100 0.004 0.002-
0.01 
100 0.006 - 67 0.005 - 100 0.008 0.002-0.038 
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PCB 138 100 0.05 0.004-0.631 100 0.022 0.012-
0.038 
0 ND - 100 0.022 0.015-0.032 100 0.053 0.008-0.363 
PCB 126 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 187 91 0.029 0.002-0.369 100 0.017 0.013-
0.024 
100 0.08 - 100 0.012 0.010-0.014 100 0.037 0.003-0.507 
PCB 128 91 0.01 0.001-0.12 100 0.004 0.001-
0.013 
0 ND - 100 0.004 0.003-0.005 80 0.011 0.001-0.082 
PCB 167 27 0.009 0.001-0.058 33 0.001 - 100 0.01 - 67 0.001 - 60 0.004 0.002-0.009 
PCB 156 55 0.011 0.002-0.056 0 ND - 100 0.02 - 0 ND - 20 0.001 - 
PCB 157 9 0.013 - 0 ND - 0 ND - 0 ND - 40 0.001 - 
PCB 180 100 0.039 0.003-0.502 100 0.019 0.008-
0.046 
100 0.144 - 100 0.017 0.009-0.03 100 0.028 0.003-0.256 
PCB 169 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 100 0.015 0.001-0.205 100 0.009 0.006-
0.013 
100 0.031 - 100 0.006 0.004-0.008 100 0.012 0.002-0.082 
PCB 189 18 0.003 - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 195 36 0.008 0.002-0.028 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 206 36 0.006 0.002-0.026 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 209 27 0.004 0.002-0.012 0 ND - 0 ND - 0 ND - 0 ND - 
                
1,3,5-TrBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
TBECH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBT 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
HBBz 0 ND - 0 ND - 0 ND - 0 ND - 40 0.014 - 
PBB153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 47 73 0.022 0.011-0.045 33 0.002 - 0 ND - 67 0.009 - 80 0.014 0.003-0.058 
BDE 100 64 0.012 0.003-0.056 0 ND - 0 ND - 0 ND - 40 0.006 - 
BDE 99 73 0.025 0.009-0.069 0 ND - 0 ND - 67 0.001 - 0 ND - 
BDE 154 9 0.02 - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
syn-DP 45 0.003 0.0006-
0.013 
0 ND - 0 ND - 0 ND - 40 0.001 - 
anti-DP 73 0.003 0.001-0.019 0 ND - 0 ND - 0 ND - 40 0.002 - 
                
Methyl triclosan 91 0.008 0.001-0.063 0 ND - 0 ND - 100 0.006 0.005-0.009 100 0.005 0.002-0.014 
Triclosan 18 0.023 - 33 0.014 - 0 ND - 0 ND - 25 0.008 - 
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TBBPA 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
α-HBCD 36 0.051 0.012-0.224 0 ND - 0 ND - 0 ND - 0 ND - 
β-HBCD 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ-HBCD 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 


















Appendix 23  Occurrence of HOCs in Singapore’s marine sediment & phytoplankton (ng/g OC wt), and fish (ng/g lipid wt) 
Sample 
Marine sediment Phytoplankton Eel Catfish Shark 
Moisture cont., % 49.2 ± 15 84.5 ± 5.4    
TOC cont., % 2.3 ± 0.7 12.9 ± 3.8    
Lipid cont., %   0.3 ± 0.4 0.6 ± 0.5 0.2 ± 0.02 
Number n=24 n=16 (n=9 for LC) n=14 (n=12 for LC) n=11 n=3 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 
8 7.7  - 0 ND - 0 ND - 0 ND - 0 ND - 
Phantolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Traesolide 0 ND - 13 8.49  - 0 ND - 0 ND - 0 ND - 
Galaxolide 92 17.1  2.38-122.4 75 35.9  6.14-210.4 100 26.9 4.97-145.6 100 44.7 23.4-85.2 100 110.9 77.1-
159.7 
Tonalide 96 6.36  1.12-36.2 81 7.95  1.84-34.4 93 9.58 3.5-26.2 100 6.47 2.58-16.2 100 22.3 15.6-31.9 
Musk ambrette 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk moskene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone 79 0.73  0.125-4.27 75 1.75  0.212-14.4 0 ND - 0 ND - 0 ND - 
                
1,3,5-TrCBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 46 20.3  3.16-130.5 0 ND - 57 64.4 10.5-396.6 27 141.6 26.5-755.1 0 ND - 
1,2,3,5 & 1,2,4,5-
TeCBz 
29 0.113  0.041-0.317 0 ND - 29 0.262 0.015-4.49 55 0.704 0.125-3.95 33 4.4 - 
1,2,3,4- TeCBz 67 0.123  0.013-1.21 38 0.138  0.009-2.09 14 0.147 - 45 0.226 0.028-1.82 33 0.972 - 
PeCBz 63 0.141  0.002-8.96 56 0.22  0.033-1.44 14 0.676 - 36 0.577 0.13-2.55 0 ND - 
HCBz 75 0.286  0.038-2.17 63 0.378  0.064-2.22 29 0.707 0.082-6.06 64 0.807 0.175-3.71 0 ND - 
α-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
β-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
δ-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor 0 ND - 0 ND - 7 0.099 - 0 ND - 0 ND - 
Heptachlor epoxide 0 ND - 13 0.154  - 14 0.406 - 9 0.378 - 0 ND - 
Aldrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane 13 0.375  0.272-0.517 56 2.05 0.479-8.81 43 8.76 3.11-24.6 27 1.38 0.099-19.2 0 ND - 
α -Chlordane 4 0.124  - 44 1.9 0.444-8.14 71 13.9 2.9-66.4 55 7.11 2.55-19.8 33 4.82 - 
α-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
β-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
trans-Nonachlor 4 0.413  - 38 2.08 0.626-6.91 71 18.3 5.77-58.3 73 17.2 3.73-79.5 33 11.9 - 
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cis-Nonachlor 0 ND - 19 1.02 0.643-1.63 21 11.1 8.36-14.8 55 7.16 1.94-26.4 0 ND - 
Dieldrin 4 0.955  - 0 ND - 14 3.33 - 18 8.02 - 0 ND - 
Endrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE 96 0.721  0.088-5.91 100 1.87 0.655-5.33 100 61 28.8-129.3 100 37.2 10.1-136.4 100 23.7 12.3-45.6 
4,4'-DDD 63 1.59 0.269-9.34 19 2.17 0.98-4.82 93 11.5 7.07-18.7 45 12.2 5.3-28.2 33 4.61 - 
4,4'-DDT 96 0.516  0.053-4.99 88 0.811 0.174-3.78 100 10.9 5.39-22.2 91 5.18 1.75-15.4 100 4.17 3.83-4.54 
Endosulfan sulfate 4 0.004  - 75 1.28  0.099-16.4 57 1.81 0.997-3.27 82 2.95 0.635-13.7 67 12.4 - 
Methoxychlor  0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
                






33 0.478 - 
PCB 18 92 0.108  0.02-0.57 44 0.19  0.054-
0.676 
7 0.273 - 9 0.244 - 0 ND - 
PCB 28 96 0.163  0.01-2.61 69 0.202  0.031-1.33 100 0.885 0.317-2.47 91 0.686 0.128-3.68 67 0.672 - 
PCB 52 96 0.2 0.047-0.846 75 0.274  0.056-1.35 100 3.7 1.02-13.4 91 1.87 0.613-5.7 100 1.24 0.242-
6.37 
PCB 44 63 0.114  0.035-0.368 38 0.168  0.037-
0.753 
29 0.761 0.561-1.03 18 0.407 - 0 ND - 
PCB 66 83 0.138  0.042-0.459 25 0.268  0.074-
0.963 
100 1.25 0.384-4.03 45 0.445 0.128-1.54 67 1.13 - 
PCB 101 88 0.318  0.091-1.12 81 0.439  0.119-1.62 100 12 4.06-35.6 91 4.26 0.987-18.4 100 4.51 1.22-16.7 
PCB 81 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 77 0 ND - 0 ND - 14 0.733 - 0 ND - 0 ND - 
PCB 123 4 0.095  - 0 ND - 100 11.8 1.73-80.8 91 5.57 1.15-27 100 5.64 1.05-30.5 
PCB 118 100 0.271  0.052-1.4 88 0.311  0.131-
0.739 
100 16.6 4.37-63.2 100 5.79 1.32-25.4 100 5.89 1.16-29.9 
PCB 114 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 100 0.589  0.099-3.51 100 0.91 0.303-2.73 100 65.1 28-151.2 100 23.4 4.61-118.3 100 24.4 13-45.9 
PCB 105 88 0.117  0.043-0.317 56 0.144  0.07-0.3 100 4.88 1.06-22.5 100 1.98 0.51-7.7 100 2.39 0.777-
7.32 
PCB 138 96 0.411  0.085-1.98 94 0.477  0.176-1.3 100 32.9 11.6-93.5 100 11.7 2.54-53.8 100 12.3 6.08-24.7 
PCB 126 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 187 92 0.219  0.04-1.19 94 0.308  0.156-
0.609 
100 23.2 12-45 91 6.37 1.28-31.71 100 9.92 5.48-18 
PCB 128 75 0.102  0.03-0.352 69 0.127  0.066-
0.245 
100 6.63 2.36-18.7 91 2.23 0.517-9.62 100 2.16 0.521-
8.93 
PCB 167 4 0.120  - 6 0.067  - 93 1.72 0.581-5.08 27 0.856 0.128-5.72 33 0.868 - 
PCB 156 38 0.092  0.019-0.445 6 0.087  - 86 3.89 1.08-14 55 1.68 0.554-5.06 0 ND - 
PCB 157 0 ND - 0 ND - 50 1.17 0.296-4.58 9 1.48 - 0 ND - 
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PCB 180 100 0.368  0.057-2.37 88 0.379  0.163-
0.884 
100 29.2 13.8-61.2 100 9.05 1.77-46.4 100 11 4.96-24.2 
PCB 169 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 88 0.227  0.049-1.05 69 0.188  0.101-
0.352 
100 11.9 5.56-25.6 100 3.53 0.679-18.3 100 4.9 3.66-6.56 
PCB 189 0 ND - 0 ND - 29 0.59 0.309-1.13 18 0.418 - 0 ND - 
PCB 195 13 0.11  0.044-0.273 6 0.071  - 36 1.29 0.929-1.78 36 0.87 0.109-6.96 0 ND - 
PCB 206 13 0.085  0.052-0.137 0 ND - 21 0.979 0.392-2.45 36 0.742 0.078-7.08 0 ND - 
PCB 209 21 0.058  0.035-0.094 0 ND - 36 0.799 0.334-1.91 27 0.693 0.496-
0.969 
0 ND - 
                
1,3,5-TrBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
TBECH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBT 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
HBBz 8 0.833  - 0 ND - 21 6.76 1.6-28.6 0 ND - 0 ND - 
PBB153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 47 13 0.096  0.082-0.113 75 0.504  0.116-2.19 86 4.37 2.14-8.91 73 4.08 1.8-9.24 33 1.61 - 
BDE 100 13 0.102  0.1-0.105 25 0.136  0.085-
0.217 
57 1.86 0.766-4.49 64 2.03 1.15-3.6 0 ND - 
BDE 99 29 0.289  0.056-1.48 50 0.439  0.176-1.1 43 1.56 1.03-2.39 73 4.63 2.8-7.66 0 ND - 
BDE 154 0 ND - 0 ND - 14 2.04 - 9 2.27 - 0 ND - 
BDE 153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE 25 2.78  0.598-12.9 6 9.52  - 0 ND - 0 ND - 0 ND - 
syn-DP 100 0.195  0.044-0.857 44 0.167  0.044-
0.643 
36 0.4 0.092-1.74 45 0.468 0.122-1.79 0 ND - 
anti-DP 100 0.73  0.145-3.67 56 0.449  0.101-1.99 43 0.6 0.142-2.54 73 0.835 0.207-3.37 0 ND - 
                
Methyl triclosan 92 0.185  0.052-0.661 100 1.31  0.289-5.96 21 0.439 0.22-0.879 91 1.74 0.719-4.21 0 ND - 
Triclosan 88 3.6 0.65-19.9 100 27.6  6.22-122.7 33 5.96 2.4-14.8 18 1.93 - 33 9.15 - 
TBBPA 75 1.83  0.625-5.38 44 11.8  0.293-472 0 ND - 0 ND - 0 ND - 
α-HBCD 17 1.16  0.45-3.01 44 4.25  1.3-13.8 25 7.29 3.52-15.1 36 6 2.15-16.7 0 ND - 
β-HBCD 4 1.1  - 0 ND - 0 ND - 0 ND - 0 ND - 
γ-HBCD 79 1.919  0.119-
30.919 
33 4.87  3.63-6.55 0 ND - 0 ND - 0 ND - 




Appendix 23 -Continued 
Sample 
Stingray Snapper Grunter 
Moisture cont., %    
TOC cont., %    
Lipid cont., % 0.5 0.2 ± 0.01 0.3 ± 0.2 
Number n=1 n=3( n=1 for LC) n=5 (n=4 for LC) 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 0 ND - 
0 ND - 0 ND - 
Phantolide 0 ND - 0 ND - 0 ND - 
Traesolide 0 ND - 0 ND - 0 ND - 
Galaxolide 100 46.3 - 100 96.1 27.8-332.4 100 31 3.43-280.1 
Tonalide 100 14 - 100 11.3 0.799-158.8 80 14.8 4.85-45.3 
Musk ambrette 0 ND - 0 ND - 0 ND - 
Musk xylene 0 ND - 33 2.24 - 0 ND - 
Musk moskene 0 ND - 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 0 ND - 
Musk ketone 0 ND - 33 9.88 - 0 ND - 
          
1,3,5-TrCBz 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 0 ND - 100 45.8 32.4-64.7 60 50 4.28-584.3 
1,2,3,5 & 1,2,4,5-TeCBz 0 ND - 0 ND - 40 0.782 - 
1,2,3,4- TeCBz 0 ND - 0 ND - 0 ND - 
PeCBz 0 ND - 0 ND - 0 ND - 
HCBz 0 ND - 33 0.729 - 0 ND - 
α-HCH 0 ND - 0 ND - 0 ND - 
β-HCH 0 ND - 0 ND - 0 ND - 
γ-HCH 0 ND - 0 ND - 0 ND - 
δ-HCH 0 ND - 0 ND - 0 ND - 
Heptachlor 0 ND - 0 ND - 0 ND - 
Heptachlor epoxide 0 ND - 0 ND - 20 0.759 - 
Aldrin 0 ND - 0 ND - 0 ND - 
γ -Chlordane 0 ND - 0 ND - 60 3.32 1.04-10.6 
α -Chlordane 0 ND - 67 4.91 - 100 5.97 1.09-32.7 
α-Endosulfan 0 ND - 0 ND - 20 5.03 - 
β-Endosulfan 0 ND - 0 ND - 0 ND - 
trans-Nonachlor 0 ND - 100 10.2 6.62-16 80 24 20.6-28 
cis-Nonachlor 0 ND - 33 5.15 - 40 2.93 - 
Dieldrin 0 ND - 33 5.71 - 20 5.25 - 
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Endrin 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 0 ND - 
4,4'-DDE 0 ND - 100 25.9 14-47.6 100 58.2 17.2-197.2 
4,4'-DDD 0 ND - 33 6.29 - 80 11.9 4.12-34.5 
4,4'-DDT 0 ND - 100 4.58 1.93-10.9 100 10.1 1.09-93.6 
Endosulfan sulfate 0 ND - 67 11.8 - 80 7.41 0.228-241.2 
Methoxychlor  0 ND - 0 ND - 0 ND - 
          
PCB 8 0 ND - 67 0.676 - 40 0.552 - 
PCB 18 0 ND - 33 2.06 - 0 ND - 
PCB 28 100 0.141 - 100 1.79 0.384-8.34 100 1.28 0.719-2.27 
PCB 52 0 ND - 100 2.11 1.18-3.76 100 2.35 0.643-8.6 
PCB 44 0 ND - 67 1.07 - 60 0.594 0.294-1.2 
PCB 66 0 ND - 100 1.34 0.57-3.15 100 0.759 0.515-1.12 
PCB 101 0 ND - 100 3.4 2.53-4.56 100 5.33 0.739-38.4 
PCB 81 0 ND - 0 ND - 0 ND - 
PCB 77 0 ND - 0 ND - 0 ND - 
PCB 123 100 2.75 - 100 1.05 0.128-8.74 80 12.1 5.24-28.1 
PCB 118 100 2.91 - 100 5.21 3.2-8.48 100 8.01 1.02-62.7 
PCB 114 0 ND - 0 ND - 0 ND - 
PCB 153 100 16.3 - 100 23.2 18.4-29.2 100 34 2.88-400.2 
PCB 105 100 1.31 - 67 2.46 - 100 2.91 0.426-19.8 
PCB 138 0 ND - 100 12 8.38-17.3 100 19.6 1.8-213.6 
PCB 126 0 ND - 0 ND - 0 ND - 
PCB 187 100 17.2 - 100 6.5 4.68-9.03 100 13.6 0.574-319.9 
PCB 128 0 ND - 100 2.33 1.93-2.82 80 3.22 0.183-56.7 
PCB 167 100 2.16 - 67 0.609 - 60 1.57 0.731-3.39 
PCB 156 100 4.24 - 0 ND - 20 0.116 - 
PCB 157 0 ND - 0 ND - 40 0.2 - 
PCB 180 100 31.1 - 100 9.23 4.73-18 100 10.4 0.718-150.4 
PCB 169 0 ND - 0 ND - 0 ND - 
PCB 170 100 6.67 - 100 3.37 2.46-4.62 100 4.34 0.427-44.2 
PCB 189 0 ND - 0 ND - 0 ND - 
PCB 195 0 ND - 0 ND - 0 ND - 
PCB 206 0 ND - 0 ND - 0 ND - 
PCB 209 0 ND - 0 ND - 0 ND - 
          
1,3,5-TrBBz 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz 0 ND - 0 ND - 0 ND - 
TBECH 0 ND - 0 ND - 0 ND - 
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PBT 0 ND - 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 0 ND - 
HBBz 0 ND - 0 ND - 40 5.8 - 
PBB153 0 ND - 0 ND - 0 ND - 
BDE 28 0 ND - 0 ND - 0 ND - 
BDE 47 0 ND - 67 4.64 - 80 4.12 0.435-39 
BDE 100 0 ND - 0 ND - 40 2.19 - 
BDE 99 0 ND - 67 0.626 - 0 ND - 
BDE 154 0 ND - 0 ND - 0 ND - 
BDE 153 0 ND - 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 0 ND - 
BTBPE 0 ND - 0 ND - 0 ND - 
syn-DP 0 ND - 0 ND - 40 0.442 - 
anti-DP 0 ND - 0 ND - 40 0.66 - 
          
Methyl triclosan 0 ND - 100 3.55 2.3-5.47 100 1.82 0.756-4.4 
Triclosan 0 ND - 0 ND - 25 2.15 - 
TBBPA 0 ND - 0 ND - 0 ND - 
α-HBCD 0 ND - 0 ND - 0 ND - 
β-HBCD 0 ND - 0 ND - 0 ND - 
γ-HBCD 
0 ND - 
0 ND - 0 ND - 










Appendix 24  Species, body length, body weight and lipid weight of biota samples collected at Sungei Buloh Wetland Reserve 
(SBWR) 
Sample Taxa Lab ID Location Collection 
date 
(yymmdd) 










Common nerite Nerita lineata, Family 
Neritidae 
335B SBWR 2 120517 80 - 82-128 13.72 89.60 0.65 
  361B SBWR 2 120913 19 - 3.8-6.2 13.40 144.00 1.07 
           
Rodong snail Telescopium telescopium, 
Family Potamididae 
166B SBWR 2 111220 13 8.0-9.5 52.8-78.9 11.57 78.20 0.68 
  363B SBWR 3 120913 13 8.5-9.5 51-80 13.06 99.38 0.76 
           
Segmented 
worm 




SBWR 3 120927 >20 - - 12.89 195.22 1.51 
  369B-
1&2 
SBWR 3 120927 >20 - - 11.66 102.10 0.88 
  370B-1 SBWR 2 120927 >20 - - 8.04 54.50 0.68 
           
Penut worm Phascolosoma arcuatum 370B-2 SBWR 2 120927 1 - - 13.00 14.60 0.11 
           
Crab* Paracleistostoma 
depressum 
371B-1 SBWR 3 120927 - - - 9.08 109.04 1.20 
 Perisesarma sp. 371B-2 SBWR 3 120927 - - - 6.58 36.40 0.55 
 Parasesarma sp. 371B-3 
& 372B-
3 
SBWR 3 120927 - - - 1.62 15.44 0.95 
 Paracleistostoma 
depressum 
372B-1 SBWR 3 120927 - - - 7.41 83.80 1.13 
 Perisesarma sp. 372B-2 SBWR 3 120927 - - - 6.32 20.68 0.33 
 Paracleistostoma 
depressum 
373B-1 SBWR 2 120927 - - - 4.98 51.38 1.03 
           
Elongate Illisha 
shad 
Liisha elongate, Family 
Pristiqasteridae 
137B SBWR 1 110902 3 6.0-9.5 3.4-15.5 5.12 35.30 0.69 
  144B-2 SBWR 1 110908 6 9.5-10 5.3-7.8 9.39 48.54 0.52 
  144B-3 SBWR 1 110908 2 9.5-10 6.5-7.2 4.77 26.48 0.55 
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145B-2 SBWR 1 110908 5 8.5-9.5 8.2-9.0 9.93 40.14 0.40 
    SBWR 1        
Glass perchlet* Ambassis kopsii Bleeker, 
Family Chandidae 
135B-1 SBWR 1 110902 3 14.5-19.0 22.5-47.6 10.91 44.58 0.41 
  135B-3 SBWR 1 110902 3 14.5-18.0 21.3-39.3 10.32 22.94 0.22 
  142B-2 SBWR 1 110908 10 6.5-9.0 5.6-13.5 10.23 76.70 0.75 
  142B-3 SBWR 1 110908 9 6.5-9.0 6.8-19.7 10.11 55.04 0.54 
           
Telkara glass 
perchlet* 
Ambassis vachellii, Family 
Chandidae 
321B SBWR 2 120517 7 5.3-6.0 1.72-2.9 10.13 195.36 1.93 
  321B SBWR 2 120517 7 5.3-6.0 1.72-2.9 5.12 32.74 0.64 
           




SBWR 1 110902 5 16-19/11.5-
14.5 w/o 
needle 
12.1-16.9 11.00 77.88 0.71 




13.0-20.7 10.50 70.70 0.67 
  323B SBWR 2 120517 4 18-20 15-23 10.36 79.04 0.76 
           
Prawn* Family Penaeidae 366B SBWR 3 120913 16 - - 10.75 91.30 0.85 
  167B SBWR 2 111220  - - 9.33 68.16 0.73 





146B-3 SBWR 1 110908 1 12 43 8.50 46.30 0.54 
  168B SBWR 1 111220 1 19 174 10.14 41.24 0.41 
  341B SBWR 3 120517 1 13 52 9.63 82.08 0.85 
           
Mullet Family Mugilidae 169B SBWR 1 111220 1 36 450 9.78 301.50 3.08 
  365B-1 SBWR 3 120913 1 39 1000 9.04 171.50 1.90 
  365B-2 SBWR 3 120913 1 38 750 8.81 69.00 0.78 
  365B-3 SBWR 3 120913 1 35 500 9.63 71.48 0.74 




170B SBWR 1 111220 1 40 805 9.93 29.36 0.30 
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Milkfish Chanos chano, Family 
Chanidae 
324B SBWR 2 120517 1 38 750 9.96 64.12 0.64 
  326B SBWR 3 120517 1 30 251 10.29 24.04 0.23 
  327B SBWR 3 120517 1 30 252 9.78 44.76 0.46 
  328B SBWR 3 120517 1 30 234 10.24 13.04 0.13 
  329B SBWR 3 120517 1 30 266 9.91 43.16 0.44 
  330B SBWR 3 120517 1 28 117 10.18 15.20 0.15 
  331B SBWR 3 120517 1 27 159 10.08 16.02 0.16 
  332B SBWR 3 120517 1 24 111 9.98 19.18 0.19 
  333B SBWR 3 120517 1 18 77 9.75 172.00 1.76 
  334B SBWR 3 120517 1 16 55 10.08 524.70 5.21 





364B-1 SBWR 3 120913 1 23 107 10.89 38.84 0.36 
  364B-2 SBWR 3 120913 1 21 56 9.90 18.70 0.19 
  364B-3 SBWR 3 120913 1 20 67 10.46 21.24 0.20 
  364B-4 SBWR 3 120913 1 19 54 9.22 15.34 0.17 













Appendix 25  Species, body length, body weight and lipid weight of biota samples collected at Sungei Mandai Wetland (SMW) 
Sample Taxa Lab ID Location Collection date 
(yymmdd) 













Nerita lineata, Family 
Neritidae 
153B Site 1, SM 110915 15 - 145 10.18 173.24 1.70 
  154B Site 2, SM 110915 16 - 167 12.92 253.06 1.96 
           
Rodong snail Telescopium telescopium, 
Family Potamididae 
155B Site 1, SM 110915 14 - 12.7-39.4 15.04 100.52 0.67 
           
Segmented 
worm 
Capitella sp., Family 
Capitellidae 
159B Site 1, SM 111219 >20 - - 21.05 187.06 0.89 
  160B Site 2, SM 111219 >20 - - 11.97 125.54 1.05 
  411B  130604 >20 - - 23.57 149.54 0.63 


























Site 3, SM 110721 - - - 5.34 57.38 1.07 
 Parasesarma sp. 161B Site 1, SM 111219 - - - 12.36 80.42 0.65 
 Perisesarma sp. 162B Site 1, SM 111219 - - - 12.96 89.92 0.69 
 Perisesarma sp. 163B Site 2, SM 111219 - - - 15.91 85.96 0.54 
 Parasesarma sp. 164B Site 2, SM 111219 - - - 12.40 84.74 0.68 
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 Parasesarma sp. 409B  130604 - - - 13.16 154.52 1.17 
 Perisesarma sp. 410B  130604 - - - 13.01 79.12 0.61 
           
Tree climbing 
crab* 
Selatium brockii 175B-1 Site 1, SM 120112 12 1.8-2.8 3.4-11.9 10.94 75.70 0.69 
  175B-1 Site 1, SM 120112 12 1.8-2.8 3.4-11.9 15.42 103.20 0.67 
  176B-1 Site 2, SM 120112 10 2.1-2.8 6.0-14.0 11.13 49.80 0.45 
  177B-1 Site 3, SM 120112 7 1.5-2.8 2.0-12.5 9.64 37.96 0.39 
  176B-1 Site 2, SM 120112 10 2.1-2.8 6.0-14.0 11.97 65.37 0.55 
  177B-1 Site 3, SM 120112 7 1.5-2.8 2.0-12.5 12.46 38.91 0.31 
           
Tree climbing 
crab* 
Episesarma. Versicolor 176B-2 Site 2, SM 120112 4 2.5-3.7 10-34.8 24.62 177.36 0.72 
  177B-2 Site 3, SM 120112 3 2.2-3.9 6-13.5 12.91 28.18 0.22 






111B Site 3, SM 110721 1 30 - 12.36 38.72 0.31 
  112B Site 3, SM 110721 1 26 - 11.62 64.28 0.55 
  113B Site 3, SM 110721 1 22 - 9.41 35.56 0.38 
           
Acorn 
barnacle 
Balanus sp., Family 
Balanidae 
070B Site 1, SM  >100 - - 11.76 55.42 0.47 
  071B Site 3, SM  >100 - - 10.54 51.04 0.48 
  156B Site 2, SM 110915 156 - 40 11.53 98.96 0.86 
           
Venus clam Marcia marmorata, 
Family Veneridae 
072B Site 1, SM 110509 13 5.5-8.2 36-111.2 8.59 41.86 0.49 
  073B Site 2, SM 110509 10 5.5-8.9 44.8-
144.5 
11.07 45.46 0.41 
  074B Site 3, SM 110509 10 7.3-8.7 72-167 8.24 35.43 0.43 
  157B Site 1, SM 111219 26 - - 14.84 154.82 1.04 
  158B Site 2, SM 111219 19 - - 15.13 141.28 0.93 
           
Stone crab Myomenippe harwicki, 
Family Eriphiidae 
076B-2 Site 2, SM 110509 1 - 54.5 9.66 235.68 2.44 
  119B Site 3, SM 110721 1 - 72.2134 72.21 1003.94 1.39 




Appendix 26  Concentrations of HOCs in Singapore mangrove ecosystem at SBWR, water (pg/L), sediment & phytoplankton (ng/g 
dry wt), biota (ng/g lipid wt) 
Sample Seawater Sediment Phytoplankton Common nerite Rodong snail 
Moisture cont., %      
TOC cont., %  4.4 ± 0.9 15.5   
Lipid cont., %    0.86 0.72 
Number n=3 n=9 (n=8 for LC) n=2 (n=0 for LC) n=2 n=2 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 100  106.3 95.2-118.8 100 0.056 0.024-0.136 0 ND - 0 ND - 0 ND - 
Phantolide 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Traesolide 0  ND - 0 ND - 50 4.11 - 0 ND - 0 ND - 
Galaxolide 100  3334.6 3138-3544 100 2.65 1.22-5.74 100 43.9 - 100 23.3 - 100 909.3 - 
Tonalide 100  503.6 409.7-619.1 100 0.64 0.323-1.28 100 10.8 - 50 2.55 - 100 87.5 - 
Musk ambrette 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk moskene 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone 100  740.7 570.3-962 89 0.017 0.008-0.036 100 1.87 - 100 3.17 - 100 20.1 - 
                
1,3,5-TrCBz 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 0  ND - 100 0.073 0.027-0.193 0 ND - 100 14.5 - 100 11.5 - 
1,2,3,5 & 1,2,4,5-TeCBz 0  ND - 89 0.003 0.001-0.009 0 ND - 100 0.155 - 100 0.366 - 
1,2,3,4- TeCBz 0  ND - 100 0.002 0.001-0.005 100 0.038 - 100 0.429 - 100 0.593 - 
PeCBz 0  ND - 100 0.005 0.002-0.011 100 0.174 - 100 0.42 - 100 1.63 - 
HCBz 100  10.5 4.12-26.9 100 0.009 0.005-0.018 100 0.207 - 100 1.48 - 100 4.72 - 
α-HCH 100  56.3 45.8-69.1 44 0.007 0.004-0.012 0 ND - 50 0.706 - 100 0.793 - 
β-HCH 100  108.6 72.8-162 67 0.013 0.006-0.032 0 ND - 0 ND - 0 ND - 
γ-HCH 100  125.2 113.4-138.2 11 0.008 - 0 ND - 100 0.58 - 100 2.94 - 
δ-HCH 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor epoxide 100  7.76 6.13-9.83 33 0.004 0.003-0.005 100 0.086 - 50 0.525 - 100 0.737 - 
Aldrin 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane 100  10.5 9.22-11.9 100 0.047 0.028-0.08 100 0.773 - 100 2.92 - 100 5.56 - 
α -Chlordane 100  7.19 6.21-8.34 100 0.032 0.015-0.069 100 0.524 - 50 1.48 - 100 4.07 - 
α-Endosulfan 0  ND - 100 0.094 0.061-0.146 0 ND - 0 ND - 50 8.15 - 
β-Endosulfan 0  ND - 67 0.083 0.049-0.138 0 ND - 0 ND - 0 ND - 
trans-Nonachlor 0  ND - 100 0.018 0.01-0.031 100 0.346 - 100 2.79 - 100 2.25 - 
cis-Nonachlor 0  ND - 100 0.02 0.01-0.038 100 0.274 - 0 ND - 100 1.9 - 
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Dieldrin 100  72.5 70.2-74.9 100 0.06 0.034-0.108 100 0.884 - 100 10.6 - 100 9.56 - 
Endrin 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE 100  4.37 3.68-5.19 100 0.279 0.173-0.452 100 3.67 - 100 9.13 - 100 98.9 - 
4,4'-DDD 0  ND - 100 0.085 0.055-0.131 100 0.985 - 0 ND - 100 10.4 - 
4,4'-DDT 0  ND - 100 0.031 0.014-0.068 100 0.2159 - 100 3.8 - 50 1.87 - 
Endosulfan sulfate 100  454.3 399.2-517.1 100 0.073 0.036-0.149 100 1.61 - 100 22.8 - 100 10.4 - 
Methoxychlor  0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
                
PCB 8 0  ND - 100 0.007 0.003-0.013 50 0.14 - 0 ND - 100 1.31 - 
PCB 18 0  ND - 100 0.009 0.005-0.014 100 0.101 - 0 ND - 100 2.5 - 
PCB 28 100  5 3.73-6.7 100 0.028 0.017-0.047 100 0.33 - 100 0.425 - 100 21.4 - 
PCB 52 0  ND - 100 0.018 0.013-0.026 100 0.233 - 100 0.271 - 100 5.41 - 
PCB 44 0  ND - 100 0.009 0.005-0.014 100 0.106 - 0 ND - 100 2.49 - 
PCB 66 0  ND - 100 0.016 0.011-0.022 100 0.14 - 100 0.357 - 100 14.5 - 
PCB 101 0  ND - 100 0.022 0.014-0.035 100 0.273 - 50 0.459 - 100 26.5 - 
PCB 81 100  4.14 2.7-6.36 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 77 0  ND - 0 ND - 0 ND - 0 ND - 100 0.594 - 
PCB 123 0  ND - 100 0.003 0.002-0.006 0 ND - 0 ND - 100 1.28 - 
PCB 118 0  ND - 100 0.026 0.016-0.04 100 0.282 - 50 0.498 - 100 17.3 - 
PCB 114 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 0  ND - 100 0.06 0.036-0.1 100 0.608 - 100 0.876 - 100 36 - 
PCB 105 0  ND - 100 0.01 0.006-0.016 100 0.11 - 0 ND - 100 4.34 - 
PCB 138 0  ND - 100 0.039 0.022-0.068 100 0.334 - 100 0.587 - 100 30.5 - 
PCB 126 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 187 0  ND - 100 0.024 0.013-0.045 100 0.171 - 100 0.543 - 100 11.6 - 
PCB 128 0  ND - 100 0.008 0.005-0.013 100 0.073 - 100 0.198 - 100 3.59 - 
PCB 167 0  ND - 100 0.002 0.001-0.004 50 0.016 - 100 0.074 - 100 0.818 - 
PCB 156 0  ND - 100 0.004 0.002-0.007 50 0.037 - 100 0.124 - 100 0.962 - 
PCB 157 0  ND - 63 0.002 0.001-0.003 0 ND - 0 ND - 0 ND - 
PCB 180 0  ND - 100 0.034 0.016-0.071 100 0.218 - 100 0.621 - 100 7.45 - 
PCB 169 0  ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 0  ND - 100 0.017 0.008-0.035 100 0.345 - 100 0.356 - 100 7.62 - 
PCB 189 0  ND - 0 ND - 0 ND - 100 27.7 - 50 0.113 - 
PCB 195 0  ND - 100 0.002 0.001-0.007 50 0.021 - 0 ND - 100 0.85 - 
PCB 206 0  ND - 100 0.004 0.002-0.007 50 0.017 - 100 0.165 - 50 0.338 - 
PCB 209 0  ND - 100 0.003 0.001-0.008 0 ND - 100 0.179 - 50 0.235 - 
                
1,3,5-TrBBz NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz NA  NA  NA  0 ND - 0 ND - 0 ND - 50 0.711 - 
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TBECH NA  NA  NA  33 0.018 0.007-0.044 0 ND - 0 ND - 0 ND - 
PBT NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
PBEB NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
HBBz NA  NA  NA  11 0.012 - 0 ND - 0 ND - 0 ND - 
PBB153 NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
BDE 47 NA  NA  NA  56 0.007 0.003-0.017 100 0.38 - 100 1.84 - 100 1.3 - 
BDE 100 NA  NA  NA  11 0.002 - 100 0.067 - 0 ND - 0 ND - 
BDE 99 NA  NA  NA  22 0.014 - 100 0.237 - 100 0.719 - 50 1.15 - 
BDE 154 NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
BDE 153 NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
BDE 183 NA  NA  NA  0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE NA  NA  NA  100 0.08 0.015-0.429 0 ND - 0 ND - 0 ND - 
syn-DP NA  NA  NA  100 0.034 0.018-0.065 100 0.264 - 100 2.21 - 100 0.547 - 
anti-DP NA  NA  NA  100 0.079 0.047-0.134 100 0.394 - 100 2.76 - 100 0.958 - 
                
MTCS 100 286.4 221.1-371 100 0.177 0.038-0.813 100 3.52 - 100 6.71 - 100 83.1 - 
Triclosan NA  NA  NA  100 1.59 0.572-4.41 NA  NA  - 100 15.3 - 100 15.4 - 
TBBPA NA  NA  NA  100 0.044 0.026-0.073 NA  NA  - 0 ND - 0 ND - 
α-HBCD NA  NA  NA  100 0.107 0.031-0.376 NA  NA  - 0 ND - 50 8.24 - 
β-HBCD NA  NA  NA  100 0.039 0.013-0.118 NA  NA  - 0 ND - 0 ND - 











Appendix 26 – Continued 
Sample Worm Crab Liisha elongate Tropical silverside Glass perchlet 
Moisture cont., %      
TOC cont., %      
Lipid cont., % 1.02 ± 0.44 0.87 ± 0.35 0.59 ± 0.09 0.72 0.77 ± 0.68 
Number n=3 n=6 n=3 n=1 n=5 (n=4 for LC) 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 33 5.55 - 0 ND - 100 6.34 2.31-17.4 0 ND - 40 2.77 - 
Phantolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Traesolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Galaxolide 100 464.2 280.6-
767.9 
100 125.7 61.8-255.6 100 836.1 584.9-
1195.3 
100 749 - 100 758.8 156.5-
3680.1 
Tonalide 100 69.8 41.2-118.4 100 22.6 15.9-32.1 100 103.8 55.7-193.6 100 40.1 - 100 99. 15.6-626.2 
Musk ambrette 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk moskene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone 33 5.29 - 67 23.7 7.59-74 67 23.9 - 100 18.3 - 80 9.4 1.79-49.2 
                
1,3,5-TrCBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 0 ND - 67 29.5 6.85-127.2 0 ND - 100 3.31 - 0 ND - 
1,2,3,5 & 1,2,4,5-
TeCBz 
100 0.848 0.362-1.99 100 1.44 0.604-3.42 67 0.254 - 0 ND - 100 0.699 0.198-2.47 
1,2,3,4- TeCBz 100 0.349 0.123-
0.991 
100 0.79 0.413-1.51 67 0.734 - 0 ND - 100 0.667 0.084-5.31 
PeCBz 100 1.68 0.851-3.32 100 1.12 0.273-4.59 100 1.71 0.146-20.2 100 0.703 - 100 4.07 0.6-27.6 
HCBz 100 2.57 1.69-3.88 50 1.45 0.705-2.97 100 3.96 0.526-29.8 100 1.86 - 100 9.9 3.82-25.7 
α-HCH 33 0.494 - 17 1.67 - 100 1.33 1.24-1.42 100 0.984 - 60 1.24 0.906-1.7 
β-HCH 0 ND - 0 ND - 33 1.24 - 0 ND - 40 1.39 - 
γ-HCH 67 6.2 - 33 17.2 - 100 1.93 1.05-3.56 100 2.6 - 100 2.74 1.56-4.79 
δ-HCH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor 0 ND - 0 ND - 0 ND - 0 ND - 20 0.241 - 
Heptachlor epoxide 67 1.24 - 100 15.9 5.57-45.4 100 1.46 0.886-2.4 100 1.56 - 100 1.85 1.27-2.69 
Aldrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane 100 9.81 5.25-18.3 83 6.01 2.66-13.6 100 13.6 7.67-24.2 100 10.7 - 100 19 9.79-36.8 
α -Chlordane 67 10.5 - 100 7.88 2.36-26.4 100 15.8 7.41-33.6 100 7.57 - 100 20.6 7.82-54.2 
α-Endosulfan 33 8.59 - 0 ND - 67 5.63 - 0 ND - 80 5.55 1.51-20.4 
β-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 40 7.22 - 
282 
 
trans-Nonachlor 67 6.89 - 83 13.4 7.58-23.7 100 23.4 13.6-40.2 100 24.8 - 100 34.8 18.5-65.6 
cis-Nonachlor 33 5.29 - 83 10.1 5.81-17.5 100 9.97 6.67-14.9 100 12.6 - 100 14.2 7.23-27.7 
Dieldrin 67 15.2 - 100 192.8 35.2-
1055.8 
100 21.3 17.3-26.2 100 22.3 - 100 30 22.3-40.4 
Endrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE 100 46.7 37.3-58.5 100 130.6 80.8-211.2 100 104.3 82.2-132.4 100 23.4 - 100 156.6 85.8-286 
4,4'-DDD 0 ND - 17 12.9 - 100 11.8 8.02-17.3 100 9.62 - 80 16.1 12.9-20.2 
4,4'-DDT 33 2.14 - 33 1.97 - 100 3.43 1.98-5.92 100 2.62 - 100 4.65 2.48-8.69 
Endosulfan sulfate 100 13.6 10.3-17.9 100 9 2.03-40 100 30.2 17.2-53.3 100 26.1 - 100 38.6 19-78.6 
Methoxychlor  0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
                
PCB 8 67 0.408 - 33 0.432 - 100 0.371 0.265-0.517 100 0.247 - 80 0.45 0.289-
0.701 
PCB 18 100 0.887 0.533-1.48 67 0.519 0.328-
0.822 
100 1.27 0.965-1.66 100 0.635 - 100 1.51 1.09-2.11 
PCB 28 100 3.14 2.09-4.73 100 9.29 3.59-24 100 6.81 4.21-11 100 8.38 - 100 8.05 6.21-10.4 
PCB 52 100 2.35 1.55-3.56 100 5.02 0.933-27 100 6.55 4.2-10.2 100 3.59 - 100 7.79 6.12-9.91 
PCB 44 100 0.781 0.386-1.58 83 1.11 0.727-1.69 100 2.48 1.64-3.74 100 0.856 - 100 2.85 2.25-3.6 
PCB 66 100 2.25 1.54-3.28 100 7.27 3.36-15.7 100 3.75 2.31-6.06 100 7 - 100 5.5 3.3-9.17 
PCB 101 100 3.27 1.58-6.77 100 10 3.92-25.5 100 11.2 7.1-17.5 100 9.74 - 100 15.9 10.8-23.3 
PCB 81 0 ND - 33 1.13 - 0 ND - 0 ND - 0 ND - 
PCB 77 0 ND - 50 0.757 0.503-1.14 67 0.229 - 100 0.288 - 80 0.272 0.185-0.4 
PCB 123 33 0.564 - 33 1.51 - 100 1.2 0.774-1.85 100 0.858 - 80 2.03 1.25-3.31 
PCB 118 100 2.96 1.54-5.71 100 12 6.91-20.7 100 9.57 5.86-15.6 100 16.7 - 100 15.1 6.79-33.8 
PCB 114 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 100 8.62 4.71-15.8 100 22.2 13.9-35.6 100 24.9 14.3-43.3 100 43.1 - 100 45.4 16.-128.3 
PCB 105 33 1.46 - 100 4.64 2.39-9.02 100 2.95 2.2-3.96 100 5.54 - 100 4.81 2.95-7.85 
PCB 138 100 4.33 1.44-13.1 100 13.8 6.52-29.2 100 10.9 7.31-16.4 100 29.5 - 100 23.9 7.51-76.1 
PCB 126 0 ND - 0 ND - 33 0.06 - 100 0.091 - 0 ND - 
PCB 187 100 2.74 2.21-3.4 100 7.52 4.74-11.9 100 9.07 4.15-19.8 100 4.79 - 100 13.4 5.56-32.4 
PCB 128 100 0.796 0.28-2.26 100 2.74 1.61-4.67 100 2.33 1.4-3.87 100 5.62 - 100 4.11 1.37-12.3 
PCB 167 67 0.372 - 100 0.728 0.367-1.44 100 0.458 0.339-0.618 100 1.63 - 100 1.09 0.427-2.8 
PCB 156 33 0.616 - 100 1.35 0.825-2.21 100 1.34 0.57-3.14 100 2.69 - 100 2.35 1.26-4.37 
PCB 157 33 0.124 - 50 0.394 0.202-
0.767 
67 0.465 - 100 0.678 - 80 0.645 0.455-
0.916 
PCB 180 100 2.74 1.82-4.13 100 7.81 5.06-12.1 100 8.83 4.52-17.2 100 15.9 - 100 16.3 4.9-54.2 
PCB 169 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 67 1.69 - 100 4.18 2.95-5.92 100 3.84 2.38-6.2 100 7.52 - 100 6.36 2.43-16.6 




PCB 195 33 0.163 - 67 0.336 0.131-
0.861 
100 0.464 0.311-0.692 100 0.668 - 80 0.763 0.433-1.34 
PCB 206 33 0.132 - 83 0.346 0.105-1.13 67 0.316 - 100 0.531 - 80 0.397 0.207-
0.763 
PCB 209 33 0.138 - 17 0.313 - 33 0.239 - 100 0.339 - 80 0.405 0.229-
0.715 
                
1,3,5-TrBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
TBECH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBT 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
HBBz 33 1.01 - 0 ND - 67 2.06 - 0 ND - 60 2.06 0.748-5.65 
PBB153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 0 ND - 17 2.42 - 0 ND - 0 ND - 0 ND - 
BDE 47 33 1.16 - 100 8.14 2.22-29.8 100 5.16 1.46-18.2 100 13.3 - 100 7.72 3.74-15.9 
BDE 100 33 0.316 - 33 0.829 - 33 1.43 - 100 2.28 - 60 1.95 1.21-3.14 
BDE 99 33 1.27 - 67 2.33 1.38-3.94 67 0.905 - 0 ND - 40 1.01 - 
BDE 154 0 ND - 0 ND - 0 ND - 0 ND - 20 1.03 - 
BDE 153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
syn-DP 100 0.751 0.126-4.47 50 1.45 0.385-5.48 33 0.526 - 0 ND - 80 0.513 0.196-1.35 
anti-DP 100 0.538 0.176-1.65 67 1.47 0.092-23.4 67 0.365 - 0 ND - 80 0.486 0.283-
0.835 
                
MTCS 100 24.7 9.49-64.2 100 211.8 46.2-971.9 100 50.5 5.81-439.3 100 50.7 - 100 32.3 4.01-260.9 
Triclosan 100 40.9 1.64-
1020.2 
100 63.5 19.6-206.2 100 15.9 14.5-17.5 100 7.21 - 100 18.3 11.6-29 
TBBPA 0 ND - 0 ND - 0 ND - 0 ND - 25 8.68 - 
α-HBCD 100 1.87 1.43-2.45 0 ND - 67 10.6 - 100 3.23 - 50 6.66 - 
β-HBCD 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 






Appendix 26 – Continued 
Sample Halfbeak Prawn Green chromide Mullet Tilapia 
Moisture cont., %      
TOC cont., %      
Lipid cont., % 0.71 ± 0.05 0.79 0.60 ± 0.23 1.63 ± 1.11 0.30 
Number n=3 n=2 (n=1 for LC) n=3 n=4 (n=2 for LC) n=1 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 67 1.85 - 0 ND - 33 2.59 - 25 1.54 - 0 ND - 
Phantolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Traesolide 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Galaxolide 100 1371.2 1134-1657 100 33.5 - 100 229.9 66.2-799 100 688.4 304.3-
1557.3 
100 226.1 - 
Tonalide 100 40.2 32.6-49.5 100 5.17 - 100 39.4 26.5-58.5 100 72.8 28.8-183.9 100 22.2 - 
Musk ambrette 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene 0 ND - 0 ND - 0 ND - 25 9.77 - 0 ND - 
Musk moskene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone 33 10.9 - 50 6.05 - 67 11.9 - 50 6.77 - 0 ND - 
                
1,3,5-TrCBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 0 ND - 50 12.8 - 67 88.5 - 50 475.4 - 100 523.9 - 
1,2,3,5 & 1,2,4,5-
TeCBz 
100 0.467 0.028-7.87 100 0.17 - 100 0.683 0.23-2.02 100 0.848 0.244-2.94 100 4.27 - 
1,2,3,4- TeCBz 100 0.42 0.118-1.49 100 0.159 - 100 0.45 0.17-1.19 100 0.376 0.206-
0.685 
100 1.44 - 
PeCBz 100 2.07 0.707-6.05 100 0.475 - 100 1.34 0.396-4.55 100 2.68 1.25-5.71 100 3.28 - 
HCBz 100 4.19 2.04-8.59 100 2 - 100 2.63 1.69-4.09 100 8.4 4.28-16.5 100 0.616 - 
α-HCH 67 1.07 - 100 0.74 - 67 1.18 - 75 1.8 0.786-4.12 100 1.06 - 
β-HCH 33 1.23 - 0 ND - 33 1.37 - 25 1.72 - 0 ND - 
γ-HCH 67 2.28 - 100 1.6 - 67 3.35 - 75 4.01 1.01-15.9 100 11 - 
δ-HCH 33 1.62 - 0 ND - 0 ND - 0 ND - 0 ND - 
Heptachlor 67 0.127 - 0 ND - 0 ND - 25 0.135 - 0 ND - 
Heptachlor epoxide 100 2.28 1.29-4.02 100 0.805 - 100 2.33 1.17-4.62 100 3.39 1.85-6.21 100 2.41 - 
Aldrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane 100 23.2 15.1-35.7 100 1.99 - 100 8.44 0.688-
103.6 
100 30.4 7.63-121 100 9.37 - 
α -Chlordane 100 26.6 15.2-46.7 100 5.88 - 67 16 - 100 45.6 14.5-143.4 100 5.66 - 
α-Endosulfan 67 7.65 - 0 ND - 33 12.4 - 25 17.3 - 0 ND - 
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β-Endosulfan 33 4.08 - 0 ND - 33 10.2 - 25 9.76 - 100 27.6 - 
trans-Nonachlor 100 49.3 30.6-79.6 100 18.6 - 67 28.6 - 100 55.9 17.5-178.7 100 8.18 - 
cis-Nonachlor 100 17.5 11.6-26.3 100 6.71 - 67 11.7 - 100 25.4 10.3-62.3 100 5.17 - 
Dieldrin 100 39.1 17.8-86 100 16.4 - 100 32.9 16.7-64.8 100 52.4 26.8-102.5 100 31.4 - 
Endrin 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE 100 233.4 111.2-489.8 100 49.6 - 100 102.7 29.8-353.3 100 267.4 107.4-666 100 76.1 - 
4,4'-DDD 100 32.2 20.6-50.4 0 ND - 67 11.4 - 50 23 - 100 14.2 - 
4,4'-DDT 100 3.43 2.7-4.38 100 0.333 - 100 3.01 1.82-5 100 7.85 2.08-29.7 100 2.84 - 
Endosulfan sulfate 100 78.3 30.1-203.4 100 1.79 - 100 28.3 8.92-89.7 100 52.3 26.8-101.8 100 210.6 - 
Methoxychlor  0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
                
PCB 8 67 0.54 - 50 0.349 - 67 0.365 - 100 0.757 0.337-1.7 0 ND - 
PCB 18 100 1.58 0.912-2.75 50 0.104 - 67 1.28 - 100 2.4 1.05-5.48 100 2.03 - 
PCB 28 100 9.59 8.58-10.7 100 3.52 - 100 8.73 3.86-19.8 100 13.2 5.55-31.3 100 12 - 
PCB 52 100 7.95 5.99-10.6 100 0.325 - 100 6.31 3.47-11.5 100 10.9 4.37-27.1 100 5.47 - 
PCB 44 100 3.48 3.27-3.7 100 0.15 - 100 1.67 0.623-4.46 100 3.05 1.24-7.49 100 1.51 - 
PCB 66 100 7.15 5.12-9.99 100 2.24 - 100 4.66 1.54-14.1 100 7.67 3.17-18.6 100 3.46 - 
PCB 101 100 15.7 8.74-28.2 100 3.21 - 100 8.44 2.78-25.7 100 16.6 6.88-40 100 6.04 - 
PCB 81 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 77 33 0.143 - 50 0.158 - 67 0.334 - 25 0.509 - 0 ND - 
PCB 123 67 2.35 - 100 0.43 - 67 1.09 - 50 6.06 - 100 0.714 - 
PCB 118 100 17.1 9.48-30.8 100 5.06 - 100 8.25 2.35-28.9 100 17.6 8.05-38.3 100 5.68 - 
PCB 114 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 100 49.1 22.2-108.6 100 11 - 100 20.9 7.13-61 100 42.2 18.4-96.6 100 12.4 - 
PCB 105 100 5.81 3.47-9.72 100 1.59 - 100 2.88 1.36-6.12 100 1.74 0.019-
158.6 
100 1.42 - 
PCB 138 100 30.2 15.3-59.7 100 7.41 - 100 14.5 6.1-34.4 100 25.5 9.57-67.9 100 6.86 - 
PCB 126 33 0.177 - 0 ND - 0 ND - 25 0.084 - 0 ND - 
PCB 187 100 14.2 5.59-36.1 100 3.41 - 100 6.15 2.13-17.8 100 12.9 4.73-35.4 100 3.52 - 
PCB 128 100 5.15 2.77-9.57 100 0.808 - 67 2.83 - 100 3.3 1.52-7.15 100 0.689 - 
PCB 167 100 1.24 0.404-3.79 100 0.224 - 67 0.802 - 100 1.32 0.469-3.69 0 ND - 
PCB 156 100 1.32 0.248-7 100 0.492 - 67 1.39 - 75 1.63 0.641-4.13 0 ND - 
PCB 157 67 0.833 - 50 0.217 - 33 0.518 - 25 0.518 - 0 ND - 
PCB 180 100 21.5 9-51.5 100 3.46 - 100 5.61 1.21-25.9 100 19.6 6.75-57 100 4.09 - 
PCB 169 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 100 6.76 2.18-20.9 100 1.26 - 100 3.05 1.13-8.24 100 7.99 3.19-20 100 1.66 - 
PCB 189 67 0.164 - 50 0.102 - 33 0.148 - 50 0.238 - 0 ND - 
PCB 195 67 0.926 - 50 0.106 - 33 0.285 - 100 0.868 0.292-2.57 0 ND - 
PCB 206 67 0.173 - 50 0.12 - 33 0.242 - 100 0.957 0.268-3.42 0 ND - 
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PCB 209 67 0.595 - 0 ND - 33 0.272 - 100 0.41 0.08-2.1 0 ND - 
                
1,3,5-TrBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
TBECH 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBT 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
HBBz 0 ND - 50 1.45 - 67 2.27 - 0 ND - 0 ND - 
PBB153 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 33 0.556 - 0 ND - 33 0.825 - 25 0.833 - 100 0.536 - 
BDE 47 100 15.9 9.8-25.9 100 1.28 - 100 4.94 3.2-7.63 100 8.19 2.66-25.2 100 4.01 - 
BDE 100 100 3.96 1.88-8.32 100 0.195 - 0 ND - 100 1.4 0.282-6.92 0 ND - 
BDE 99 100 2.38 0.412-13.8 100 0.643 - 0 ND - 0 ND - 0 ND - 
BDE 154 100 6.2 2.97-12.9 50 0.748 - 0 ND - 25 2.66 - 0 ND - 
BDE 153 33 2.64 - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
syn-DP 67 1.18 - 0 ND - 33 0.224 - 100 1.62 0.653-4.02 0 ND - 
anti-DP 67 1.23 - 0 ND - 0 ND - 100 1.6 0.633-4.06 0 ND - 
                
MTCS 100 32.6 23.9-44.5 100 3.54 - 100 32.7 21.5-49.8 100 11.4 5.25-24.8 100 15.4 - 
Triclosan 100 37.8 18.7-76.5 100 22.2 - 67 9.58 - 50 1.81 - 100 9.9 - 
TBBPA 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 
α-HBCD 100 21.7 14.2-33.3 0 ND - 100 3.24 1.09-9.63 100 14.4 - 100 3.24 - 
β-HBCD 0 ND - 0 ND - 0 ND - 0 ND - 0 ND - 










Appendix 26 – Continued 
Sample Milkfish Golden flathead goby 
Moisture cont., %   
TOC cont., %   
Lipid cont., % 0.94 ± 1.58 0.23 ± 0.09 
Number n=10 n=4 (n=1 for LC) 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 30 3.23 2.08-4.99 25 4.58 - 
Phantolide 0 ND - 0 ND - 
Traesolide 0 ND - 0 ND - 
Galaxolide 100 280.1 107.8-727.8 100 128.2 45.7-359.8 
Tonalide 100 37.6 14.6-97.3 100 29.7 11.7-75.6 
Musk ambrette 0 ND - 0 ND - 
Musk xylene 0 ND - 0 ND - 
Musk moskene 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 
Musk ketone 30 7.67 5.26-11.2 0 ND - 
       
1,3,5-TrCBz 0 ND - 0 ND - 
1,2,4-TrCBz 80 400.2 144.3-1109.8 100 377 10.4-13718.9 
1,2,3,5 & 1,2,4,5-TeCBz 100 1.46 0.215-9.9 50 1.91 - 
1,2,3,4- TeCBz 90 0.743 0.095-5.8 75 0.798 0.478-1.33 
PeCBz 100 2.64 0.807-8.66 100 3.1 1.02-9.36 
HCBz 100 6.88 5.44-8.69 100 7.34 3.32-16.2 
α-HCH 40 0.896 0.714-1.12 50 3.13 - 
β-HCH 10 2.36 - 0 ND - 
γ-HCH 90 2.84 1.98-4.08 25 1.63 - 
δ-HCH 0 ND - 0 ND - 
Heptachlor 20 0.36 - 0 ND - 
Heptachlor epoxide 100 3.01 2.33-3.89 75 2.54 2.03-3.19 
Aldrin 0 ND - 0 ND - 
γ -Chlordane 100 13.4 5.93-30.1 100 14.1 6.94-28.5 
α -Chlordane 100 8.14 2.45-27 50 10.6 - 
α-Endosulfan 0 ND - 0 ND - 
β-Endosulfan 10 5 - 0 ND - 
trans-Nonachlor 100 20.4 8.74-47.6 75 20.7 13.9-31 
cis-Nonachlor 90 8.3 5.56-12.4 50 12.3 - 
Dieldrin 100 36.9 28.-48.7 75 40.1 24.9-64.7 
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Endrin 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 
4,4'-DDE 100 116.5 68.-199.8 100 106.6 62.8-180.9 
4,4'-DDD 50 7.57 2.42-23.6 0 ND - 
4,4'-DDT 100 3.48 1.54-7.85 0 ND - 
Endosulfan sulfate 100 42.9 26.7-69 100 52.4 28.5-96.5 
Methoxychlor  0 ND - 0 ND - 
       
PCB 8 30 0.829 0.616-1.12 50 0.909 - 
PCB 18 100 1.31 0.385-4.47 75 1.15 0.546-2.44 
PCB 28 100 8.38 3.51-20 100 8.41 4.37-16.2 
PCB 52 100 6.46 3.58-11.7 100 6.74 4.18-10.9 
PCB 44 100 2.81 1.16-6.8 100 2.51 1.4-4.49 
PCB 66 100 5.01 2.33-10.8 100 5.23 3.05-8.97 
PCB 101 100 10.7 6-19.3 100 9.48 4.6-19.5 
PCB 81 0 ND - 0 ND - 
PCB 77 30 0.475 0.259-0.873 0 ND - 
PCB 123 60 1.4 0.763-2.56 25 1.68 - 
PCB 118 100 10.3 6.38-16.6 100 10.7 7.13-16.1 
PCB 114 0 ND - 0 ND - 
PCB 153 100 24.9 12.8-48.7 100 25.2 14.4-44.2 
PCB 105 100 3.09 1.69-5.65 75 3.74 1.53-9.15 
PCB 138 100 14.6 8.02-26.5 100 16.4 8.56-31.3 
PCB 126 0 ND - 0 ND - 
PCB 187 100 8.24 2.81-24.1 100 8.06 4.03-16.1 
PCB 128 100 2.2 1.17-4.15 75 2.64 1.29-5.4 
PCB 167 90 0.677 0.303-1.51 75 0.629 0.283-1.4 
PCB 156 90 1.19 0.512-2.77 50 1.51 - 
PCB 157 20 0.468 - 0 ND - 
PCB 180 100 10.7 5.36-21.6 100 9.6 4.78-19.3 
PCB 169 0 ND - 0 ND - 
PCB 170 100 4.5 1.98-10.2 100 3.9 2.09-7.28 
PCB 189 0 ND - 0 ND - 
PCB 195 50 0.677 0.221-2.07 50 0.363 - 
PCB 206 70 0.791 0.249-2.51 50 0.4 - 
PCB 209 30 0.904 0.552-1.48 25 0.343 - 
       
1,3,5-TrBBz 0 ND - 0 ND - 
1,2,4,5-TeBBz 0 ND - 0 ND - 
TBECH 0 ND - 0 ND - 
289 
 
PBT 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 
HBBz 0 ND - 0 ND - 
PBB153 0 ND - 0 ND - 
BDE 28 20 0.219 - 0 ND - 
BDE 47 100 5.17 2.21-12.1 100 5.07 3.64-7.07 
BDE 100 60 0.614 0.054-6.99 0 ND - 
BDE 99 0 ND - 0 ND - 
BDE 154 70 1.67 0.299-9.32 0 ND - 
BDE 153 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 
BTBPE 0 ND - 0 ND - 
syn-DP 50 1.2 0.126-11.4 25 0.94 - 
anti-DP 50 1.13 0.146-8.66 25 0.431 - 
       
MTCS 100 27. 6.23-117.5 100 75. 43.2-130 
Triclosan 50 0.759 0.005-108.9 0 ND - 
TBBPA 0 ND - 0 ND - 
α-HBCD 40 3.49 1.99-6.12 100 1.82 - 
β-HBCD 0 ND - 0 ND - 











Appendix 27  Concentrations of HOCs in Singapore mangrove ecosystem at SMW, air (pg/m
3
), sediment & phytoplankton (ng/g dry 
wt), biota (ng/g lipid wt) 
Sample Air Sediment Common nerite Worm Crab 
Moisture cont., %      
TOC cont., %      
Lipid cont., %  3.7 ± 1.7 1.8 0.86 ± 0.21 0.73 ± 0.22 
Number  n=15 (n=14 for LC) n=2 n=3  n=12 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide - 5.07 - 100 1.08 0.418-2.8 100 2.5 - 100 112.1 19.4-646.3 100 24 2.17-265.1 
Phantolide - 0.98 - 0 ND - 0 ND - 0 ND - 0 ND - 
Traesolide - 0.121 - 100 0.976 0.392-2.43 0 ND - 0 ND - 0 ND - 




Tonalide - 646.5 - 100 25.3 10-64 100 16 - 100 3236 1296-8081 100 326.8 40.7-2626 
Musk ambrette - 0.063 - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene - 0.001 - 0 ND - 0 ND - 67 44.5 - 25 67.8 23.1-198.6 
Musk moskene - 0.087 - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene - ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone - 0.047 - 100 1.53 0.389-6.06 100 48.4 - 100 455 212.6-
973.7 
100 110 18.8-642.3 
                
1,3,5-TrCBz - 895.4 - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz - 1212.4 - 80 0.121 0.047-
0.313 
50 3.7 - 67 13.9 - 33 6.64 0.39-113 
1,2,3,5 & 1,2,4,5-
TeCBz 
- 924.5 - 100 0.007 0.003-
0.017 
100 0.116 - 100 0.923 0.462-1.85 92 0.721 0.132-3.93 
1,2,3,4- TeCBz - 404.5 - 100 0.009 0.004-
0.017 
100 0.08 - 100 0.646 0.475-
0.878 
100 0.517 0.068-3.94 
PeCBz - 51 - 100 0.015 0.006-
0.042 
100 0.291 - 100 2.2 1.18-4.1 100 1.48 0.229-9.61 
HCBz - 177 - 100 0.038 0.004-
0.358 
100 3.26 - 100 9.46 1.11-80.9 92 3.34 0.36-31.1 
α-HCH - 185 - 80 0.01 0.006-
0.016 
100 1.02 - 100 2.4 1.85-3.11 92 1.26 0.511-3.12 
β-HCH - 39.5 - 100 0.044 0.028-0.07 100 7.25 - 100 4.2 2.96-5.97 92 12.6 3.37-47.2 
γ-HCH - 35.7 - 80 0.012 0.006-
0.022 
100 0.718 - 67 4.17 - 83 2.48 1.03-6.01 
δ-HCH - 11 - 0 ND - 50 1.2 - 0 ND - 0 ND - 
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Heptachlor - 28.6 - 33 0.006 0.0004-
0.078 
0 ND - 67 0.166 - 17 0.157 - 
Heptachlor epoxide - 5.4 - 100 0.018 0.007-
0.045 
100 3.57 - 100 6.69 2.33-19.3 100 26.7 7.38-96.9 
Aldrin - 0.627 - 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane - 8.79 - 100 0.309 0.139-
0.685 
100 5.85 - 100 82.2 68.1-99.2 100 23.1 7.88-67.8 
α -Chlordane - 9.68 - 100 0.214 0.099-
0.462 
100 3.03 - 100 64.6 51.9-80.5 83 16.8 1.65-171.3 
α-Endosulfan - 3981.7 - 0 ND - 0 ND - 67 12.5 - 17 2.8 - 
β-Endosulfan - 2009.4 - 0 ND - 0 ND - 0 ND - 0 ND - 
trans-Nonachlor - 1.52 - 100 0.147 0.06-0.359 100 7.59 - 100 86.9 72.2-104.5 100 27.5 7.28-103.6 
cis-Nonachlor - ND - 100 0.059 0.036-
0.095 
100 2.14 - 100 20.1 14-28.9 92 9.42 1.24-71.7 
Dieldrin - 9.83 - 100 0.151 0.075-
0.302 
100 13 - 100 70 60.9-80.5 100 154 48.2-491.8 
Endrin - 15.6 - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde - ND - 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone - ND - 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE - 3.09 - 100 0.517 0.305-
0.877 
100 14.5 - 100 97.5 63-151.1 100 110.8 25.5-482 
4,4'-DDD - 0.477 - 100 0.23 0.146-
0.363 
100 5.74 - 100 27.2 18-41.2 100 21.2 3.2-140.4 
4,4'-DDT - 0.594 - 100 0.03 0.004-
0.201 
100 8.52 - 100 3.14 1.77-5.58 100 3.43 1.7-6.92 
Endosulfan sulfate - 1.31 - 100 0.081 0.047-0.14 100 10.5 - 100 8.4 4.88-14.4 100 10.3 3.42-31.1 
Methoxychlor  - 0.272 - 0 ND - 0 ND - 0 ND - 0 ND - 
                
PCB 8 - 11.6 - 100 0.004 0.002-
0.009 
50 0.072 - 100 0.506 0.246-1.04 92 0.388 0.056-2.69 
PCB 18 - 3.08 - 100 0.012 0.007-
0.021 
100 0.078 - 100 2.48 1.44-4.27 83 0.822 0.062-10.9 
PCB 28 - 8.24 - 100 0.044 0.026-
0.073 
100 0.472 - 100 9.32 5.7-15.2 100 10.1 1.9-53.4 
PCB 52 - 2.82 - 100 0.043 0.026-0.07 100 0.28 - 100 7.81 5.03-12.2 100 3.89 0.29-51.52 
PCB 44 - 1.31 - 100 0.015 0.01-0.023 100 0.081 - 100 2.66 1.62-4.36 92 1.6 0.163-15.7 
PCB 66 - 0.703 - 100 0.025 0.013-
0.048 
100 0.319 - 100 3.98 2.49-6.37 100 4.41 0.419-46.4 
PCB 101 - 0.297 - 100 0.049 0.022-0.11 100 0.522 - 100 7.38 4.02-13.5 92 6.77 0.8-57.2 
PCB 81 - 0.657 - 0 ND - 0 ND - 0 ND - 17 0.739 - 
PCB 77 - 0.033 - 0 ND - 100 0.107 - 67 0.457 - 75 0.914 0.168-4.98 
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PCB 123 - 0.349 - 80 0.008 0.004-
0.017 
100 0.118 - 100 2.1 0.247-17.8 100 2.76 0.07-108.3 
PCB 118 - 1.22 - 100 0.055 0.023-
0.129 
100 0.823 - 100 8.67 4.49-16.8 100 11 1.94-62 
PCB 114 - 0.613 - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 - 0.04 - 100 0.15 0.088-
0.254 
100 2.45 - 100 25.8 14.9-44.7 100 21.4 4.27-107.3 
PCB 105 - 0.401 - 100 0.021 0.008-
0.053 
100 0.262 - 100 2.46 1.19-5.08 100 4.34 0.801-23.5 
PCB 138 - 0.018 - 100 0.102 0.057-
0.184 
100 1.37 - 100 17.5 10.3-29.6 100 15.5 2.74-87.8 
PCB 126 - 1.44 - 0 ND - 100 0.059 - 0 ND - 17 0.313 - 
PCB 187 - 0.017 - 100 0.052 0.031-
0.086 
100 1.37 - 100 5.29 2.7-10.4 100 6.66 1.39-31.9 
PCB 128 - ND - 100 0.02 0.01-0.043 100 0.275 - 100 2.33 1.09-4.98 100 2.34 0.244-22.5 
PCB 167 - ND - 100 0.005 0.002-0.01 100 0.155 - 100 0.537 0.167-1.73 83 0.888 0.197-4 
PCB 156 - ND - 100 0.009 0.004-0.02 100 0.209 - 67 0.923 - 92 1.19 0.17-8.37 
PCB 157 - ND - 80 0.003 0.001-
0.006 
100 0.067 - 33 0.279 - 58 0.762 0.332-1.75 
PCB 180 - 0.004 - 100 0.079 0.048-
0.131 
100 1.88 - 100 6.94 3.94-12.2 100 7.25 1.49-35.3 
PCB 169 - ND - 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 - ND - 100 0.043 0.025-
0.072 
100 0.944 - 100 3.26 1.48-7.17 100 3.09 0.42-23 
PCB 189 - ND - 73 0.002 0.001-
0.003 
50 0.05 - 33 0.082 - 25 0.318 0.306-0.331 
PCB 195 - 0.002 - 100 0.005 0.003-
0.009 
100 0.086 - 0 ND - 50 0.641 0.44-0.935 
PCB 206 - ND - 100 0.006 0.003-
0.012 
100 0.163 - 0 ND - 33 0.538 0.422-0.686 
PCB 209 - ND - 100 0.008 0.004-
0.015 
100 0.248 - 0 ND - 50 0.552 0.262-1.17 
                
1,3,5-TrBBz - NA - 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz - NA - 0 ND - 0 ND - 67 0.475 - 42 0.343 0.041-2.9 
TBECH - NA - 7 0.021 - 0 ND - 0 ND - 0 ND - 
PBT - NA - 0 ND - 0 ND - 0 ND - 0 ND - 
PBEB - NA - 7 0.011 - 0 ND - 0 ND - 0 ND - 
HBBz - NA - 13 0.064 - 50 0.873 - 67 0.527 - 33 1.92 0.417-8.85 
PBB153 - NA - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 - NA - 0 ND - 100 0.893 - 33 0.359 - 67 1.41 0.434-4.58 
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BDE 47 - NA - 87 0.024 0.004-
0.154 
100 6.6 - 100 9.87 4.93-19.7 100 16.5 4.4-61.6 
BDE 100 - NA - 33 0.01 0.005-
0.022 
100 0.367 - 100 1.65 1.07-2.55 92 1.89 0.645-5.56 
BDE 99 - NA - 67 0.018 0.004-0.09 100 1.96 - 100 5 1.49-16.8 100 4.95 1.58-15.5 
BDE 154 - NA - 0 ND - 0 ND - 0 ND - 42 1.37 0.858-2.18 
BDE 153 - NA - 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 183 - NA - 0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE - NA - 93 0.036 0.004-
0.284 
0 ND - 0 ND - 0 ND - 
syn-DP - NA - 100 0.111 0.036-
0.341 
100 1.14 - 100 1.68 1.47-1.92 100 1.24 0.233-6.53 
anti-DP - NA - 100 0.134 0.025-
0.713 
100 1.91 - 100 2.47 2.03-3.01 100 2.39 0.399-14.3 
                
MTCS - 30.6 - 100 3.13 0.371-26.3 100 46 - 100 328.3 164-657 100 270.2 25.7-2843.3 
Triclosan - NA - 100 13.5 4.89-37 100 73.9 - 100 447.7 256-782 100 263.6 127.6-544.3 
TBBPA - NA - 100 0.158 0.061-
0.405 
0 ND - 0 ND - 8 17.3 - 
α-HBCD - NA - 100 0.315 0.085-1.16 100 3.52 - 100 30.6 16.9-55.6 92 17 3.57-81.1 
β-HBCD - NA - 100 0.048 0.008-
0.295 
0 ND - 33 4.39 - 8 6.15 - 











Appendix 27 - Continued 
Sample Tree climbing crab Acorn barnacle Clam Thunder crab 
Moisture cont., %     
TOC cont., %     
Lipid cont., % 0.50 ± 0.19 0.60 ± 0.22 0.66 ± 0.30 1.92 
Number n=8 (n=5 for LC) n=3 n=5 (n=2 for LC) n=2 
Target analytes Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% Freq.  GM CL, 95% 
Celestolide 63 6.12 1.08-34.6 100 13.3 6.18-28.5 100 508.5 167-1546 100 3.42 - 
Phantolide 0 ND - 0 ND - 60 63.5 19.8-203.1 0 ND - 
Traesolide 13 86. - 0 ND - 60 1472.8 579.7-3742 0 ND - 
Galaxolide 100 640.5 70.3-5834.6 100 3277.1 1886-5695 100 71732 22988-223828 100 255.4 - 
Tonalide 100 110.7 30-408.4 100 348.8 152.4-798.7 100 9868 3438-28325 100 33.3 - 
Musk ambrette 0 ND - 0 ND - 0 ND - 0 ND - 
Musk xylene 0 ND - 100 58.1 47.7-70.6 100 170.1 56.4-513 0 ND - 
Musk moskene 0 ND - 0 ND - 0 ND - 0 ND - 
Musk tibetene 0 ND - 0 ND - 0 ND - 0 ND - 
Musk ketone 100 72.8 11.6-458.5 100 189.3 86.5-414.2 100 2452.2 798.7-7529 100 5.19 - 
             
1,3,5-TrCBz 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4-TrCBz 38 24.3 6.31-93.8 33 11.7 - 100 15.4 4.87-49 0 ND - 
1,2,3,5 & 1,2,4,5-TeCBz 88 0.484 0.067-3.48 67 0.403 - 100 1.03 0.655-1.63 100 0.582 - 
1,2,3,4- TeCBz 50 0.254 0.102-0.631 33 0.495 - 100 1.02 0.68-1.53 50 0.09 - 
PeCBz 88 1.23 0.263-5.77 100 1.66 1.32-2.09 100 0.952 0.393-2.31 100 3.65 - 
HCBz 75 1.93 0.462-8.04 100 4.46 4-4.98 100 2.13 0.627-7.25 100 8.62 - 
α-HCH 13 0.657 - 100 0.795 0.209-3.02 100 3.34 2.74-4.08 100 1.3 - 
β-HCH 100 14.1 6.48-30.5 100 2.66 1.87-3.78 100 5.92 3.69-9.5 100 11.5 - 
γ-HCH 0 ND - 100 1.95 1.57-2.42 100 9.5 3.36-26.9 50 0.505 - 
δ-HCH 0 ND - 0 ND - 40 2.08 - 0 ND - 
Heptachlor 13 0.202 - 67 0.247 - 100 1.41 0.651-3.07 50 0.04 - 
Heptachlor epoxide 75 3.32 0.168-65.7 100 4.35 1.99-9.54 100 17.1 8.5-34.4 100 44.5 - 
Aldrin 0 ND - 0 ND - 0 ND - 0 ND - 
γ -Chlordane 75 5.69 1.12-28.9 100 34.3 23.5-50.1 100 174.3 96.8-314.1 100 26.2 - 
α -Chlordane 50 2.32 0.443-12.2 100 36.2 22.4-58.6 100 145 77.2-272.2 100 30.5 - 
α-Endosulfan 0 ND - 33 6.83 - 40 24.7 - 50 6.72 - 
β-Endosulfan 0 ND - 0 ND - 0 ND - 0 ND - 
trans-Nonachlor 75 5.86 0.798-43 100 24.3 12.5-47.5 100 99.8 51.8-192.6 100 32.7 - 
cis-Nonachlor 25 2.78 - 100 8.77 5.42-14.2 100 29.3 14.7-58.2 100 13.5 - 
Dieldrin 63 12.5 0.53-295.8 100 34.5 27.5-43.3 100 113 72.5-176.4 100 130.9 - 
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Endrin 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin aldehyde 0 ND - 0 ND - 0 ND - 0 ND - 
Endrin ketone 0 ND - 0 ND - 0 ND - 0 ND - 
4,4'-DDE 100 45.5 10.5-197.4 100 59.1 39.1-89.5 100 210.1 111.9-394.5 100 133.2 - 
4,4'-DDD 88 9.09 2.4-34.4 100 16 11.7-22 100 101.2 60.6-168.8 100 2.67 - 
4,4'-DDT 75 2.47 0.993-6.16 100 1.94 1.56-2.4 100 10.2 7.91-13.3 100 1.14 - 
Endosulfan sulfate 75 3.75 0.113-124 100 25.1 11.6-54.4 100 54.1 23.4-124.8 100 0.974 - 
Methoxychlor  0 ND - 0 ND - 0 ND - 0 ND - 
             
PCB 8 38 0.109 0.021-0.566 100 0.503 0.127-1.99 100 2 0.539-7.45 100 0.259 - 
PCB 18 13 0.104 - 100 2.41 2.2-2.63 100 7.12 2.63-19.3 100 0.205 - 
PCB 28 100 4.49 0.796-25.3 100 7.55 6.41-8.9 100 25.8 10.3-64.8 100 12.8 - 
PCB 52 75 0.402 0.1-1.61 100 6.83 5.12-9.11 100 20.2 8.5-48.2 100 1.41 - 
PCB 44 13 0.133 - 100 2.65 2.04-3.44 100 9.2 3.62-23.4 100 0.291 - 
PCB 66 75 1.71 0.2-14.7 100 2.16 1.03-4.56 100 9.32 3.52-24.6 100 4.22 - 
PCB 101 63 0.85 0.283-2.55 100 7.33 5.06-10.6 100 7.34 2.24-24 100 5.33 - 
PCB 81 0 ND - 0 ND - 0 ND - 50 0.583 - 
PCB 77 50 0.988 0.38-2.57 0 ND - 100 1.24 0.436-3.55 100 1.6 - 
PCB 123 100 3.22 0.215-48.2 100 1.76 0.03-103.6 100 2.32 0.734-7.32 100 11.5 - 
PCB 118 100 7.45 0.92-60.4 100 6.35 4.58-8.81 100 20.2 6.15-66.1 100 41.6 - 
PCB 114 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 153 100 9.52 1.16-78.1 100 15.5 11.1-21.5 100 27.7 10.7-71.3 100 84.6 - 
PCB 105 100 2.91 0.519-16.3 100 2.16 1.64-2.83 100 6.66 1.99-22.3 100 11.7 - 
PCB 138 88 8.11 1.11-59.5 100 10.5 7.27-15.2 100 22.9 9.69-54.1 100 55.3 - 
PCB 126 38 0.477 0.221-1.03 0 ND - 40 0.118 - 50 0.361 - 
PCB 187 88 3.79 0.66-21.7 100 2.41 1.79-3.25 100 7.66 3.56-16.5 100 24.7 - 
PCB 128 88 1.35 0.167-10.8 100 1.82 1.19-2.79 100 5.31 1.77-15.9 100 4.04 - 
PCB 167 75 0.592 0.069-5.11 100 0.45 0.388-0.523 100 0.33 0.124-0.881 100 2.59 - 
PCB 156 75 1.17 0.148-9.32 100 0.849 0.546-1.32 80 0.205 0.052-0.818 100 4.53 - 
PCB 157 50 0.384 0.171-0.862 67 0.232 - 100 0.216 0.076-0.613 100 1.22 - 
PCB 180 88 5.83 0.911-37.3 100 4.84 3.13-7.5 40 0.111 - 100 24.7 - 
PCB 169 0 ND - 0 ND - 0 ND - 0 ND - 
PCB 170 88 2.12 0.253-17.7 100 2.61 1.45-4.69 100 0.379 0.175-0.821 100 12 - 
PCB 189 38 0.955 0.099-9.2 67 0.129 - 60 1.72 1.39-2.13 100 0.444 - 
PCB 195 38 0.249 0.088-0.702 100 0.199 0.082-0.484 0 ND - 100 0.929 - 
PCB 206 38 0.282 0.132-0.602 67 0.162 - 0 ND - 100 0.578 - 
PCB 209 50 0.312 0.114-0.856 33 0.154 - 0 ND - 100 0.44 - 
             
1,3,5-TrBBz 0 ND - 0 ND - 0 ND - 0 ND - 
1,2,4,5-TeBBz 75 1.11 0.182-6.8 33 0.558 - 60 0.173 0.117-0.257 0 ND - 
TBECH 0 ND - 0 ND - 0 ND - 0 ND - 
296 
 
PBT 0 ND - 0 ND - 0 ND - 0 ND - 
PBEB 0 ND - 0 ND - 0 ND - 0 ND - 
HBBz 0 ND - 0 ND - 0 ND - 100 0.275 - 
PBB153 0 ND - 0 ND - 0 ND - 0 ND - 
BDE 28 75 2.43 0.453-13 0 ND - 40 0.348 - 50 0.144 - 
BDE 47 100 22.3 1.48-335.6 100 8.15 4.74-14 100 20.1 7.53-53.9 100 19.3 - 
BDE 100 75 1.74 0.222-13.6 100 1.62 0.583-4.47 100 5.35 2.36-12.1 100 0.496 - 
BDE 99 75 5.12 1.13-23.3 100 5.25 2.21-12.5 0 ND - 100 4.83 - 
BDE 154 38 0.55 0.28-1.08 0 ND - 20 0.306 - 100 1.14 - 
BDE 153 38 3.89 2.65-5.7 0 ND - 0 ND - 0 ND - 
BDE 183 0 ND - 0 ND - 0 ND - 0 ND - 
BTBPE 0 ND - 0 ND - 0 ND - 0 ND - 
syn-DP 88 0.702 0.149-3.3 100 0.537 0.116-2.5 100 1.44 0.639-3.25 100 0.124 - 
anti-DP 100 1.26 0.28-5.69 100 0.756 0.141-4.04 100 1.98 1.04-3.76 100 0.15 - 
             
MTCS 100 106.1 24.7-457 100 189.3 103.6-345.9 100 1778.3 611.7-5170 100 11.2 - 
Triclosan 100 295.7 61.6-1418 100 118 39.5-352.5 100 34 - 100 12.5 - 
TBBPA 20 2.77 - 0 ND - 0 ND - 0 ND - 
α-HBCD 80 20.3 1.37-301.2 100 54.5 23.4-127 100 50.9 - 100 26.3 - 
β-HBCD 40 22.4 - 0 ND - 0 ND - 0 ND - 












Appendix 28  BAFww of HOCs for fish in Singapore mangrove ecosystem (log BAFww with SD in bracket) 
BAF (log 10 base, wet weight) Log (5000) Liisha elongate Tropical silverside Glass perchlet Halfbeak Prawn 
Celestolide 3.7 2.69 (0.16) - - 1.84 (0.67) - 
Galaxolide 3.7 3.20 (0.13) 2.99 (0.01) 3.16 (0.21) 3.50 (0.04) 1.93 (0.01) 
Tonalide 3.7 3.10 (0.10) 2.53 (0.05) 3.09 (0.38) 2.78 (0.08) 1.93 (0.05) 
Musk Ketone 3.7 1.76 (0.83) 2.00 (0.06) 1.50 (0.58) - - 
1,2,4-TrCBz 3.7 - 3.91 - - - 
1,2,3,5 & 1,2,4,5-TeCBz 3.7 2.47 (0.53) - 3.19 (0.50) 3.10 (0.65) 2.70 
1,2,3,4- TeCBz 3.7 3.27 (0.69) - 3.55 (0.64) 3.43 (0.30) 3.06 
PeCBz 3.7 4.35 (0.60) 3.81 4.74 (0.67) 4.52 (0.26) 3.93 
HCBz 3.7 3.36 (0.53) 2.88 (0.21) 3.77 (0.51) 3.48 (0.27) 3.20 (0.21) 
α -HCH 3.7 2.14 (0.07) 1.85 (0.05) 1.42 (0.75) 1.62 (0.88) 2.02 (0.05) 
ɣ -HCH 3.7 1.95 (0.20) 1.92 (0.02) 2.11 (0.23) 1.61 (0.85) 2.00 (0.02) 
Heptachlor epoxide 3.7 3.04 (0.13) 2.91 (0.05) 3.15 (0.37) 3.33 (0.16) 2.92 (0.05) 
γ -Chlordane 3.7 3.95 (0.09) 3.68 (0.03) 4.10 (0.39) 4.27 (0.08) 3.24 (0.03) 
α -Chlordane 3.7 4.17 (0.13) 3.70 (0.03) 4.29 (0.37) 4.49 (0.14) 3.88 (0.03) 
Endosulfan I  3.7 3.37 (0.64) - 3.34 (0.58) 3.39 (0.95) - 
Endosulfan II 3.7 - - - - - 
trans-Nonachlor 3.7 4.91 (0.11) 4.78 5.09 (0.30) 5.33 (0.09) 4.95 
cis-Nonachlor 3.7 4.61 (0.03) 4.55 4.77 (0.25) 4.94 (0.07) 4.57 
Dieldrin 3.7 3.24 (0.05) 3.10 (0.01) 3.39 (0.35) 3.59 (0.19) 3.26 (0.01) 
4,4'-DDE 3.7 5.27 (0.12) 4.46 (0.04) 5.45 (0.29) 5.70 (0.14) 5.07 (0.04) 
4,4'-DDD 3.7 4.75 (0.10) 4.50 4.34 (0.96) 5.27 (0.11) - 
4,4'-DDT 3.7 4.66 (0.06) 4.39 4.80 (0.38) 4.75 (0.03) 3.78 
Endosulfan Sulfate 3.7 2.59 (0.19) 2.37 (0.03) 2.70 (0.35) 3.09 (0.24) 1.49 (0.03) 
PCB 8 3.7 3.72 (0.08) 3.38 3.40 (0.63) 3.40 (0.95) - 
PCB 18 3.7 4.16 (0.09) 3.71 4.25 (0.36) 4.35 (0.15) - 
PCB 28 3.7 3.91 (0.14) 3.84 (0.06) 3.99 (0.40) 4.15 (0.08) 3.76 (0.06) 
PCB 52 3.7 4.70 (0.09) 4.28 4.78 (0.39) 4.87 (0.04) 3.53 
PCB 44 3.7 4.38 (0.08) 3.76 4.45 (0.39) 4.62 (0.01) 3.29 
PCB 66 3.7 4.85 (0.14) 4.96 5.02 (0.41) 5.22 (0.06) 4.76 
PCB 101 3.7 5.27 (0.04) 5.05 5.42 (0.37) 5.50 (0.10) 4.86 
PCB 77 3.7 3.15 (0.23) 3.18 3.08 (0.29) - - 
PCB 123 3.7 3.96 (0.03) 3.66 3.72 (0.82) 3.66 (1.15) 3.65 
PCB 118 3.7 4.94 (0.06) 5.02 5.14 (0.31) 5.28 (0.10) 4.79 
PCB 153 3.7 5.90 (0.06) 5.98 6.17 (0.32) 6.28 (0.15) 5.68 
PCB 105 3.7 4.47 (0.07) 4.58 4.68 (0.38) 4.85 (0.09) 4.33 
PCB 138 3.7 5.45 (0.12) 5.72 5.79 (0.42) 5.98 (0.12) 5.41 
298 
 
PCB 126 3.7 - 2.89 - - - 
PCB 187 3.7 5.71 (0.11) 5.28 5.89 (0.28) 6.00 (0.18) 5.42 
PCB 128 3.7 4.64 (0.05) 4.86 4.89 (0.31) 5.07 (0.11) 4.31 
PCB 167 3.7 4.16 (0.05) 4.55 4.54 (0.47) 4.68 (0.22) 3.98 
PCB 156 3.7 4.64 (0.12) 4.78 4.89 (0.27) 4.72 (0.34) 4.34 
PCB 157 3.7 3.97 (0.34) 4.21 4.04 (0.48) 4.12 (0.73) - 
PCB 180 3.7 5.56 (0.08) 5.66 5.83 (0.27) 6.04 (0.17) 5.28 
PCB 170 3.7 5.40 (0.05) 5.53 5.63 (0.25) 5.74 (0.22) 5.05 
PCB 189 3.7 4.11 (0.30) 4.32 4.06 (0.39) 4.01 (0.52) - 
PCB 195 3.7 4.68 (0.07) 4.68 4.47 (0.73) 4.45 (1.06) - 
PCB 206 3.7 4.62 (0.60) 5.07 4.71 (0.60) 4.42 (0.69) - 
PCB 209 3.7 - 5.12 4.98 (0.61) 5.05 (0.95) - 
HBBz 3.7 3.41 (0.43) - 3.18 (0.44) - - 
BDE 28 3.7 - - - - - 
BDE 47 3.7 4.77 (0.33) 5.03 4.95 (0.40) 5.35 (0.08) 4.30 
BDE 100 3.7 - 4.52 3.97 (0.77) 5.01 (0.14) 3.74 
BDE 99 3.7 4.03 (0.54) - - 4.75 (0.36) 4.22 
BDE 154 3.7 - - - 5.39 (0.14) - 
syn-DP 3.7 7.58 (0.81) - 8.02 (0.69) 8.21 (1.12) - 
anti-DP 3.7 7.99 (0.65) - 8.06 (0.67) 8.27 (1.17) - 
MTCS 3.7 3.02 (0.42) 2.86 (0.06) 2.83 (0.38) 2.92 (0.11) 2.00 (0.06) 
Triclosan 3.7 1.48 (0.05) 0.98 1.42 (0.20) 1.95 (0.13) 1.72 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 










Appendix 28 - Continued 
BAF (log 10 base, wet weight) Log (5000) Green chromide Mullet Tilapia Milkfish Golden flathead goby 
Celestolide 3.7 - - - 1.38 (0.48) - 
Galaxolide 3.7 2.63 (0.22) 3.48 (0.32) 2.34 (0.01) 2.58 (0.69) 1.96 (0.14) 
Tonalide 3.7 2.67 (0.18) 3.31 (0.35) 2.14 (0.05) 2.52 (0.68) 2.13 (0.29) 
Musk Ketone 3.7 1.43 (0.79) 1.45 (1.05) - 0.85 (0.56) - 
1,2,4-TrCBz 3.7 4.26 (2.05) 4.16 (2.52) 5.98 5.03 (1.63) 5.70 (0.76) 
1,2,3,5 & 1,2,4,5-TeCBz 3.7 3.16 (0.36) 3.63 (0.13) 3.67 3.36 (0.57) 2.34 (0.89) 
1,2,3,4- TeCBz 3.7 3.37 (0.37) 3.67 (0.28) 3.59 3.36 (0.63) 2.98 (0.50) 
PeCBz 3.7 4.24 (0.41) 4.92 (0.24) 4.34 4.40 (0.56) 4.19 (0.18) 
HCBz 3.7 3.18 (0.22) 4.06 (0.38) 2.26 (0.21) 3.46 (0.58) 3.21 (0.24) 
α -HCH 3.7 1.54 (0.79) 2.21 (1.03) 1.75 (0.05) 1.21 (0.84) 1.37 (0.88) 
ɣ -HCH 3.7 1.62 (0.84) 2.11 (1.08) 2.41 (0.02) 1.78 (0.57) - 
Heptachlor epoxide 3.7 3.24 (0.30) 3.78 (0.31) 2.97 (0.05) 3.21 (0.50) 2.51 (0.72) 
γ -Chlordane 3.7 3.73 (0.40) 4.66 (0.57) 3.49 (0.03) 3.79 (0.48) 3.53 (0.18) 
α -Chlordane 3.7 3.36 (1.27) 5.00 (0.48) 3.43 (0.03) 3.74 (0.73) 2.75 (1.01) 
Endosulfan I  3.7 - - - - - 
Endosulfan II 3.7 - - 3.77 - - 
trans-Nonachlor 3.7 4.23 (1.18) 5.66 (0.46) 4.16 4.71 (0.41) 4.04 (0.81) 
cis-Nonachlor 3.7 4.03 (0.97) 5.38 (0.37) 4.03 4.17 (0.61) 3.52 (0.76) 
Dieldrin 3.7 3.42 (0.28) 4.00 (0.34) 3.11 (0.01) 3.33 (0.54) 2.63 (0.95) 
4,4'-DDE 3.7 5.25 (0.12) 6.04 (0.42) 4.83 (0.04) 5.17 (0.49) 4.85 (0.06) 
4,4'-DDD 3.7 3.99 (1.13) 4.09 (1.62) 4.53 3.49 (0.92) - 
4,4'-DDT 3.7 4.60 (0.16) 5.39 (0.52) 4.29 4.52 (0.45) - 
Endosulfan Sulfate 3.7 2.55 (0.21) 3.19 (0.41) 3.14 (0.03) 2.60 (0.49) 2.40 (0.08) 
PCB 8 3.7 3.19 (0.74) 4.39 (0.39) - 2.99 (1.10) 2.94 (0.76) 
PCB 18 3.7 3.47 (1.05) 4.81 (0.40) 4.07 4.03 (0.71) 3.34 (0.75) 
PCB 28 3.7 4.01 (0.08) 4.57 (0.42) 3.87 (0.06) 3.86 (0.59) 3.58 (0.10) 
PCB 52 3.7 4.68 (0.05) 5.29 (0.40) 4.33 4.55 (0.53) 4.29 (0.05) 
PCB 44 3.7 4.20 (0.08) 4.84 (0.40) 3.87 4.29 (0.50) 3.96 (0.08) 
PCB 66 3.7 4.93 (0.11) 5.53 (0.39) 4.52 4.83 (0.58) 4.57 (0.09) 
PCB 101 3.7 5.14 (0.13) 5.80 (0.38) 4.70 5.10 (0.49) 4.77 (0.06) 
PCB 77 3.7 3.09 (0.39) - - 2.81 (0.36) - 
PCB 123 3.7 3.34 (0.85) 3.83 (1.69) 3.44 3.18 (0.74) - 
PCB 118 3.7 4.87 (0.14) 5.57 (0.38) 4.42 4.82 (0.53) 4.56 (0.06) 
PCB 153 3.7 5.82 (0.08) 6.50 (0.38) 5.30 5.76 (0.44) 5.48 (0.04) 
PCB 105 3.7 4.45 (0.05) 4.61 (0.96) 3.86 4.34 (0.49) 3.83 (0.64) 
PCB 138 3.7 5.56 (0.06) 6.18 (0.38) 4.95 5.43 (0.48) 5.20 (0.07) 
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PCB 126 3.7 - - - - - 
PCB 187 3.7 5.54 (0.08) 6.23 (0.37) 5.01 5.53 (0.33) 5.23 (0.09) 
PCB 128 3.7 4.00 (1.09) 5.16 (0.39) 3.81 4.47 (0.50) 3.88 (0.78) 
PCB 167 3.7 3.83 (0.83) 4.98 (0.37) - 4.10 (0.62) 3.62 (0.52) 
PCB 156 3.7 4.15 (0.72) 4.72 (1.00) - 4.38 (0.56) 3.73 (0.52) 
PCB 157 3.7 - - - - 0.00 (0.00) 
PCB 180 3.7 5.36 (0.18) 6.27 (0.37) 4.93 5.50 (0.43) 5.17 (0.04) 
PCB 170 3.7 5.30 (0.06) 6.09 (0.37) 4.74 5.33 (0.46) 4.98 (0.02) 
PCB 189 3.7 - 4.26 (0.84) - - - 
PCB 195 3.7 - 5.32 (0.35) - 4.03 (0.88) 3.72 (0.55) 
PCB 206 3.7 - 5.85 (0.35) - 4.80 (0.86) 4.18 (0.63) 
PCB 209 3.7 - 5.73 (0.34) - 4.33 (0.58) - 
HBBz 3.7 3.31 (0.53) - - - - 
BDE 28 3.7 - - 3.57 - - 
BDE 47 3.7 4.75 (0.13) 5.34 (0.42) 4.37 4.63 (0.45) 4.34 (0.08) 
BDE 100 3.7 - 4.83 (0.47) - 3.67 (0.65) - 
BDE 99 3.7 - - - - - 
BDE 154 3.7 - - - 4.11 (0.53) - 
syn-DP 3.7 7.31 (0.62) 9.28 (0.34) - 7.84 (0.97) 7.27 (0.64) 
anti-DP 3.7 - 9.35 (0.35) - 7.87 (1.00) 7.26 (0.62) 
MTCS 3.7 2.82 (0.26) 2.74 (0.24) 2.21 (0.06) 2.60 (0.82) 2.76 (0.07) 
Triclosan 3.7 0.64 (0.92) 0.44 0.98 -0.03 (0.89) - 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 










Appendix 29  BAFlipid wt of HOCs for fish in Singapore mangrove ecosystem (log BAFlipid wt with SD in bracket) 
BAF (log 10 base, lipid weight) Log Kow Liisha elongate Tropical silverside Glass perchlet Halfbeak Prawn 
Celestolide 6.6 4.92 (0.23) - - 3.99 (0.70) - 
Galaxolide 5.9 5.43 (0.08) 5.38 (0.01) 5.39 (0.35) 5.65 (0.04) 4.04 (0.01) 
Tonalide 5.7 5.34 (0.15) 4.92 (0.05) 5.31 (0.41) 4.92 (0.07) 4.03 (0.05) 
Musk Ketone 4.3 3.99 (0.90) 4.39 (0.06) 3.73 (0.90) - - 
1,2,4-TrCBz 4.02 - 6.31 - - - 
1,2,3,5 & 1,2,4,5-TeCBz 4.56 4.71 (0.49) - 5.42 (0.28) 5.24 (0.63) 4.80 
1,2,3,4- TeCBz 4.6 5.51 (0.64) - 5.78 (0.46) 5.58 (0.28) 5.16 
PeCBz 5.17 6.59 (0.55) 6.20 6.96 (0.42) 6.67 (0.24) 6.03 
HCBz 5.73 5.60 (0.49) 5.27 (0.21) 6.00 (0.30) 5.62 (0.26) 5.30 (0.21) 
α -HCH 4.14 4.37 (0.05) 4.24 (0.05) 3.65 (0.97) 3.76 (0.90) 4.12 (0.05) 
ɣ -HCH 4.14 4.19 (0.14) 4.32 (0.02) 4.34 (0.13) 3.75 (0.88) 4.11 (0.02) 
Heptachlor epoxide 4.98 5.28 (0.12) 5.31 (0.05) 5.38 (0.10) 5.47 (0.14) 5.02 (0.05) 
γ -Chlordane 6.22 6.18 (0.13) 6.08 (0.03) 6.32 (0.15) 6.41 (0.10) 5.35 (0.03) 
α -Chlordane 6.22 6.41 (0.17) 6.09 (0.03) 6.52 (0.22) 6.64 (0.13) 5.98 (0.03) 
Endosulfan I  3.83 5.61 (0.63) - 5.57 (0.90) 5.54 (0.97) - 
Endosulfan II 3.83 - - - - - 
trans-Nonachlor 6.35 7.15 (0.12) 7.17 7.32 (0.14) 7.47 (0.11) 7.05 
cis-Nonachlor 6.35 6.84 (0.09) 6.94 7.00 (0.15) 7.09 (0.09) 6.67 
Dieldrin 5.2 5.47 (0.05) 5.50 (0.01) 5.62 (0.07) 5.74 (0.17) 5.36 (0.01) 
4,4'-DDE 6.51 7.50 (0.07) 6.85 (0.04) 7.68 (0.14) 7.85 (0.17) 7.18 (0.04) 
4,4'-DDD 6.02 6.98 (0.09) 6.90 6.57 (1.22) 7.42 (0.10) - 
4,4'-DDT 6.91 6.90 (0.12) 6.78 7.03 (0.14) 6.90 (0.05) 5.89 
Endosulfan Sulfate 3.66 4.82 (0.13) 4.76 (0.03) 4.93 (0.16) 5.24 (0.21) 3.59 (0.03) 
PCB 8 5.02 5.95 (0.07) 5.77 5.63 (0.90) 5.55 (0.97) - 
PCB 18 5.5 6.40 (0.06) 6.10 6.48 (0.07) 6.50 (0.12) - 
PCB 28 5.5 6.15 (0.12) 6.24 (0.06) 6.22 (0.09) 6.30 (0.07) 5.86 (0.06) 
PCB 52 6.025 6.94 (0.10) 6.68 7.01 (0.05) 7.02 (0.06) 5.63 
PCB 44 6.025 6.61 (0.09) 6.15 6.68 (0.05) 6.76 (0.01) 5.40 
PCB 66 6.025 7.08 (0.11) 7.35 7.25 (0.11) 7.36 (0.07) 6.86 
PCB 101 6.404 7.50 (0.10) 7.44 7.65 (0.08) 7.65 (0.13) 6.96 
PCB 77 6.025 5.38 (0.18) 5.57 5.31 (0.55) - - 
PCB 123 6.404 6.19 (0.10) 6.05 5.95 (1.06) 5.81 (1.18) 5.75 
PCB 118 6.404 7.17 (0.11) 7.42 7.37 (0.18) 7.42 (0.13) 6.90 
PCB 153 6.991 8.14 (0.12) 8.37 8.40 (0.23) 8.43 (0.18) 7.78 
PCB 105 6.404 6.70 (0.06) 6.98 6.91 (0.11) 7.00 (0.11) 6.43 
PCB 138 6.988 7.68 (0.09) 8.11 8.02 (0.26) 8.12 (0.15) 7.51 
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PCB 126 6.404 - 5.28 - 0.00 (0.00) - 
PCB 187 7.359 7.95 (0.17) 7.67 8.12 (0.20) 8.14 (0.21) 7.52 
PCB 128 6.991 6.87 (0.11) 7.25 7.12 (0.24) 7.22 (0.14) 6.41 
PCB 167 6.991 6.39 (0.07) 6.94 6.77 (0.21) 6.82 (0.25) 6.08 
PCB 156 6.991 6.87 (0.19) 7.18 7.12 (0.14) 6.87 (0.37) 6.44 
PCB 157 6.991 6.21 (0.40) 6.61 6.27 (0.71) 6.26 (0.75) - 
PCB 180 7.359 7.80 (0.15) 8.05 8.06 (0.27) 8.18 (0.19) 7.39 
PCB 170 7.359 7.64 (0.11) 7.93 7.86 (0.21) 7.88 (0.25) 7.15 
PCB 189 7.359 6.34 (0.35) 6.71 6.29 (0.61) 6.16 (0.55) - 
PCB 195 7.784 6.92 (0.09) 7.07 6.70 (0.97) 6.60 (1.08) - 
PCB 206 8.071 6.85 (0.66) 7.46 6.94 (0.90) 6.56 (0.72) - 
PCB 209 8.22 - 7.51 7.21 (0.86) 7.20 (0.97) - 
HBBz 6.07 5.65 (0.48) - 5.41 (0.70) - - 
BDE 28 5.94 - - - - - 
BDE 47 6.81 7.01 (0.28) 7.42 7.18 (0.16) 7.50 (0.11) 6.40 
BDE 100 7.24 - 6.91 6.20 (0.91) 7.15 (0.16) 5.85 
BDE 99 7.32 6.27 (0.48) - - 6.89 (0.39) 6.33 
BDE 154 7.82 - - - 7.53 (0.16) - 
syn-DP 11.27 9.81 (0.74) - 10.25 (0.91) 10.36 (1.15) - 
anti-DP 11.27 10.22 (0.62) - 10.29 (0.92) 10.42 (1.19) - 
MTCS 5.22 5.25 (0.48) 5.26 (0.06) 5.06 (0.47) 5.06 (0.09) 4.10 (0.06) 
Triclosan 4.76 3.72 (0.02) 3.37 3.78 (0.10) 4.09 (0.16) 3.86 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 










Appendix 29 - Continued 
BAF (log 10 base, lipid weight) Log Kow Green chromide Mullet Tilapia Milkfish Golden flathead goby 
Celestolide 6.6 - - - 3.75 (0.77) - 
Galaxolide 5.9 4.87 (0.28) 5.35 (0.18) 4.86 (0.01) 4.96 (0.21) 4.62 (0.23) 
Tonalide 5.7 4.91 (0.10) 5.18 (0.21) 4.67 (0.05) 4.89 (0.22) 4.79 (0.21) 
Musk Ketone 4.3 3.67 (0.93) 3.31 (0.76) - 3.22 (0.75) - 
1,2,4-TrCBz 4.02 6.50 (2.21) 6.03 (2.81) 8.50 7.41 (2.08) 8.36 (0.80) 
1,2,3,5 & 1,2,4,5-TeCBz 4.56 5.41 (0.24) 5.50 (0.28) 6.20 5.74 (0.42) 5.00 (1.00) 
1,2,3,4- TeCBz 4.6 5.61 (0.22) 5.53 (0.13) 6.11 5.74 (0.52) 5.64 (0.45) 
PeCBz 5.17 6.48 (0.27) 6.78 (0.17) 6.87 6.78 (0.26) 6.85 (0.25) 
HCBz 5.73 5.42 (0.23) 5.92 (0.26) 4.79 (0.21) 5.84 (0.21) 5.87 (0.27) 
α -HCH 4.14 3.79 (0.95) 4.08 (0.87) 4.27 (0.05) 3.59 (0.62) 4.03 (0.84) 
ɣ -HCH 4.14 3.86 (0.99) 3.98 (1.08) 4.94 (0.02) 4.16 (0.62) - 
Heptachlor epoxide 4.98 5.48 (0.16) 5.64 (0.14) 5.50 (0.05) 5.59 (0.08) 5.17 (0.69) 
γ -Chlordane 6.22 5.97 (0.56) 6.53 (0.31) 6.02 (0.03) 6.17 (0.18) 6.19 (0.16) 
α -Chlordane 6.22 5.60 (1.43) 6.87 (0.26) 5.96 (0.03) 6.12 (0.27) 5.41 (0.96) 
Endosulfan I  3.83 - - - - - 
Endosulfan II 3.83 - - 6.30 - - 
trans-Nonachlor 6.35 6.47 (1.33) 7.53 (0.26) 6.69 7.09 (0.19) 6.70 (0.79) 
cis-Nonachlor 6.35 6.27 (1.12) 7.25 (0.20) 6.56 6.55 (0.67) 6.18 (0.88) 
Dieldrin 5.2 5.66 (0.15) 5.87 (0.15) 5.64 (0.01) 5.71 (0.06) 5.29 (0.93) 
4,4'-DDE 6.51 7.49 (0.28) 7.91 (0.21) 7.36 (0.04) 7.55 (0.13) 7.51 (0.12) 
4,4'-DDD 6.02 6.23 (1.27) 5.96 (1.53) 7.06 5.87 (1.09) - 
4,4'-DDT 6.91 6.84 (0.11) 7.26 (0.29) 6.82 6.90 (0.18) - 
Endosulfan Sulfate 3.66 4.79 (0.26) 5.06 (0.15) 5.67 (0.03) 4.98 (0.11) 5.06 (0.14) 
PCB 8 5.02 5.43 (0.89) 6.26 (0.18) - 5.37 (0.67) 5.60 (0.87) 
PCB 18 5.5 5.71 (1.21) 6.68 (0.18) 6.60 6.41 (0.27) 6.00 (0.73) 
PCB 28 5.5 6.26 (0.19) 6.43 (0.20) 6.39 (0.06) 6.24 (0.20) 6.24 (0.16) 
PCB 52 6.025 6.92 (0.13) 7.16 (0.20) 6.86 6.93 (0.13) 6.95 (0.11) 
PCB 44 6.025 6.44 (0.22) 6.71 (0.20) 6.40 6.67 (0.20) 6.62 (0.13) 
PCB 66 6.025 7.18 (0.25) 7.39 (0.20) 7.05 7.21 (0.17) 7.23 (0.12) 
PCB 101 6.404 7.38 (0.25) 7.67 (0.20) 7.23 7.48 (0.13) 7.43 (0.16) 
PCB 77 6.025 5.33 (0.53) - - 5.19 (0.64) - 
PCB 123 6.404 5.58 (0.99) 5.70 (1.43) 5.97 5.56 (1.01) - 
PCB 118 6.404 7.11 (0.28) 7.44 (0.17) 6.95 7.20 (0.11) 7.22 (0.09) 
PCB 153 6.991 8.06 (0.24) 8.36 (0.18) 7.83 8.14 (0.15) 8.14 (0.12) 
PCB 105 6.404 6.69 (0.17) 6.47 (1.00) 6.38 6.72 (0.13) 6.49 (0.64) 
PCB 138 6.988 7.80 (0.19) 8.05 (0.22) 7.48 7.81 (0.13) 7.86 (0.14) 
304 
 
PCB 126 6.404 - - - - - 
PCB 187 7.359 7.78 (0.23) 8.10 (0.22) 7.54 7.91 (0.24) 7.90 (0.15) 
PCB 128 6.991 6.24 (1.23) 7.02 (0.17) 6.34 6.85 (0.14) 6.55 (0.77) 
PCB 167 6.991 6.07 (0.97) 6.85 (0.23) - 6.48 (0.31) 6.28 (0.52) 
PCB 156 6.991 6.39 (0.87) 6.59 (0.76) - 6.76 (0.27) 6.39 (0.63) 
PCB 157 6.991 0.00 (0.00) - - - - 
PCB 180 7.359 7.60 (0.34) 8.14 (0.24) 7.46 7.88 (0.15) 7.83 (0.15) 
PCB 170 7.359 7.54 (0.22) 7.95 (0.20) 7.27 7.71 (0.18) 7.64 (0.14) 
PCB 189 7.359 - 6.12 (0.56) - - 0.00 (0.00) 
PCB 195 7.784 - 7.19 (0.24) - 6.41 (0.75) 6.39 (0.51) 
PCB 206 8.071 - 7.72 (0.28) - 7.18 (0.78) 6.84 (0.60) 
PCB 209 8.22 - 7.60 (0.36) - 6.71 (0.96) - 
HBBz 6.07 5.55 (0.66) - - - - 
BDE 28 5.94 - - 6.10 - - 
BDE 47 6.81 6.99 (0.10) 7.21 (0.25) 6.90 7.01 (0.19) 7.00 (0.07) 
BDE 100 7.24 - 6.70 (0.35) - 6.05 (0.62) - 
BDE 99 7.32 - - - - - 
BDE 154 7.82 - - - 6.49 (0.91) - 
syn-DP 11.27 9.55 (0.66) 11.15 (0.20) - 10.22 (0.92) 9.93 (0.68) 
anti-DP 11.27 - 11.22 (0.21) - 10.24 (0.93) 9.92 (0.48) 
MTCS 5.22 5.07 (0.11) 4.61 (0.18) 4.74 (0.06) 4.98 (0.33) 5.43 (0.13) 
Triclosan 4.76 2.88 (1.06) 2.05 3.51 2.13 (0.85) - 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 










Appendix 30  BAFlipid wt of HOCs for air-breathing organisms in Singapore mangrove ecosystem (log BAFlipid wt with SD in bracket) 
 Log KOA  Sungei Buloh  Mandai  Unknown 




Crab  Common 
nerite 




 White bellied sea 
eagle 
Celestolide 9.5  - - -  8.69 9.68 (0.53) 8.56 (0.78) 9.42 (0.17)  - 
Galaxolide 8.2  6.57 8.16 7.30 (0.16)  7.58 8.50 (0.53) 8.01 (0.49) 8.72 (0.12)  - 
Tonalide 8.5  - 8.13 7.54 (0.08)  7.39 8.70 (0.46) 8.23 (0.29) 8.73 (0.18)  - 
Musk xylene 12.3  - - -  - - - 13.7 (0.04)  - 
Musk ketone 12.0  10.8 11.6 11.1 (1.04)  12.0 12.4 (0.39) 12.2 (0.41) 12.6 (0.17)  - 
1,2,4-TrCBz 5.3  7.08 6.98 6.29 (1.71)  - - - -  - 
1,2,3,5 & 1,2,4,5-
TeCBz 
5.7  5.22 5.60 6.19 (0.19)  5.10 5.75 (0.62) 5.58 (0.56) -  - 
1,2,3,4- TeCBz 5.8  6.03 6.17 6.29 (0.14)  5.30 6.11 (0.45) 5.43 (0.45) -  6.45 (0.45) 
PeCBz 6.7  6.92 7.50 7.34 (0.31)  6.76 7.46 (0.41) 7.13 (0.78) 7.51 (0.05)  7.91 (1.07) 
HCBz 6.9  6.92 7.43 6.19 (0.81)  7.26 7.08 (0.83) 6.52 (1.02) 7.40 (0.02)  7.66 (1.00) 
α-HCH 7.8  - 6.63 -  6.74 6.70 (0.51) - 6.63 (0.30)  - 
β-HCH 7.8  - - -  8.26 8.34 (0.64) 8.55 (0.17) 7.83 (0.08)  8.12 (1.02) 
ɣ-HCH 7.8  7.21 7.92 -  7.30 7.56 (0.69) - 7.74 (0.05)  - 
Heptachlor epoxide 8.0  - 8.14 9.47 (0.23)  8.82 9.70 (0.29) 8.34 (1.01) 8.91 (0.17)  10.2 (0.34) 
γ -Chlordane 8.9  8.52 8.80 8.61 (0.56)  8.82 9.42 (0.24) 8.37 (0.86) 9.59 (0.08)  10.5 (0.54) 
α -Chlordane 8.9  - 8.62 8.91 (0.27)  8.50 8.82 (1.09) 7.69 (0.79) 9.57 (0.11)  10.4 (0.44) 
trans-Nonachlor 9.3  9.26 9.17 9.74 (0.52)  9.70 10.3 (0.29) 9.25 (0.72) 10.2 (0.15)  11.7 (0.39) 
Dieldrin 8.6  9.03 8.99 10.3 (0.38)  9.12 10.2 (0.26) 8.49 (1.00) 9.55 (0.05)  10.7 (0.54) 
4,4'-DDE 9.3  9.47 10.5 10.6 (0.11)  9.67 10.6 (0.33) 10.2 (0.33) 10.3 (0.09)  11.7 (0.40) 
4,4'-DDD 9.6  - 10.3 -  10.1 10.7 (0.42) 10.0 (0.72) 10.5 (0.07)  11.5 (0.35) 
4,4'-DDT 10.4  9.81 - -  10.2 9.76 (0.16) 9.34 (0.55) 9.51 (0.05)  9.99 (0.66) 
Endosulfan sulfate 8.5  10.2 9.90 9.84 (0.33)  9.90 9.90 (0.24) 9.14 (0.88) 10.3 (0.17)  - 
PCB 8 7.0  - 8.05 -  - 7.39 (0.61) 6.48 (0.47) 7.64 (0.31)  7.88 (0.60) 
PCB 18 7.5  - 8.91 7.79 (0.72)  7.40 8.09 (0.94) - 8.89 (0.02)  - 
PCB 28 7.6  7.71 9.42 9.05 (0.21)  7.76 9.09 (0.37) 8.74 (0.38) 8.96 (0.04)  9.86 (0.82) 
PCB 52 8.1  7.98 9.28 9.25 (0.37)  8.00 9.14 (0.57) 7.84 (0.65) 9.38 (0.06)  9.18 (1.27) 
PCB 44 8.3  - 9.28 8.76 (0.41)  7.79 8.91 (0.79) - 9.31 (0.06)  11.1 (0.57) 
PCB 66 8.3  8.71 10.3 10.0 (0.17)  8.66 9.80 (0.52) 9.12 (0.63) 9.49 (0.17)  11.7 (0.49) 
PCB 101 8.8  - 10.9 10.5 (0.21)  9.24 10.2 (0.82) 9.03 (0.62) 10.4 (0.08)  - 
PCB 77 9.4  - 10.3 9.80 (0.66)  9.51 10.1 (0.65) 9.87 (0.71) -  10.9 (0.53) 
PCB 123 8.8  - 9.57 -  8.53 9.90 (0.81) 9.97 (0.60) 9.70 (0.90)  10.7 (0.77) 
PCB 118 8.3  - 10.1 9.99 (0.12)  8.83 9.95 (0.38) 9.78 (0.46) 9.71 (0.07)  11.4 (0.48) 
PCB 153 10.0  10.3 11.9 11.8 (0.10)  10.8 11.7 (0.36) 11.4 (0.47) 11.6 (0.07)  13.4 (0.43) 
PCB 105 8.3  - 10.0 10.1 (0.15)  8.82 10.0 (0.37) 9.86 (0.38) 9.73 (0.06)  11.3 (0.47) 
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PCB 138 10.1  10.5 12.2 11.9 (0.17)  10.9 11.9 (0.38) 11.4 (0.87) 11.8 (0.08)  13.5 (0.41) 
PCB 126 8.8   - -  7.61 - - -  - 
PCB 187 10.0  10.5 11.8 11.7 (0.10)  10.9 11.6 (0.35) 11.1 (0.84) 11.2 (0.07)  13.2 (0.43) 
PCB 180 10.7  11.2 12.3 12.3 (0.10)  11.7 12.3 (0.35) 11.9 (0.84) 12.1 (0.10)  14.1 (0.45) 
PCB 195 11.1  - 11.6 10.8 (0.66)  10.6 10.6 (0.93) 10.4 (0.63) 10.9 (0.20)  12.4 (0.89) 
MTCS 9.2  8.34 9.43 9.84 (0.34)  9.18 9.95 (0.52) 9.54 (0.32) 9.79 (0.13)  - 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 60% (but higher 
















Appendix 31  BSAFs of HOCs for sediment-dwelling organisms in Singapore mangrove ecosystems (log BAFlipid wt with SD in bracket) 
BSAF   SMW           SBWR   
  Worm   Clam    Crab    Worm Crab Rodong 
snail 
  Site 1 Site 2  Site 1 Site 2 Site 3  Site 1 Site 2 Site 3  - - - 




0.52 (0.06)  - - - 
Traesolide  - -  - - 1.80 (0.09)  - - -  - - - 




0.49 (0.07)  0.91 (0.14) 0.31 (0.22) 1.18 (0.14) 




0.08 (0.09)  0.74 (0.13) 0.20 (0.15) 0.77 (0.13) 
Musk xylene  - -  - - -  - - -  - - - 
Musk ketone  0.67 (0.08) 1.09 (0.31)  1.76 (0.08) 1.58 (0.31) 2.04 (0.03)  0.38 (0.40) 0.40 (0.49) 0.95 (0.03)  - 1.13 (1.18) 1.80 (0.31) 
1,2,4-TrCBz  0.51 (0.25) -  0.55 (0.25) - 0.90 (0.20)  - - -  - - 0.84 (0.22) 
1,2,3,5 & 1,2,4,5-
TeCBz 
 0.88 (0.17) 0.50 (0.26)  0.77 (0.17) 0.67 (0.26) 0.53 (0.04)  0.80 (0.38) - 0.20 (0.04)  1.12 (0.39) 1.45 (0.45) 0.85 (0.39) 
1,2,3,4- TeCBz  0.42 (0.12) 0.30 (0.24)  0.71 (0.12) 0.53 (0.24) 0.57 (0.09)  0.58 (0.30) 0.36 (0.57) 0.26 (0.09)  0.97 (0.13) 1.21 (0.21) 1.08 (0.13) 
PeCBz  0.76 (0.12) 0.44 (0.30)  0.48 (0.12) 0.25 (0.30) 0.20 (0.07)  0.49 (0.35) 0.23 (0.77) 0.76 (0.07)  1.14 (0.14) 0.98 (0.37) 1.16 (0.14) 
HCBz  0.86 (0.10) 0.28 (0.59)  0.65 (0.10) -0.05 
(0.59) 
0.23 (0.09)  0.36 (0.48) - 0.72 (0.09)  1.12 (0.10) - 1.35 (0.10) 
α-HCH  0.92 (0.18) -  0.96 (0.18) - 1.10 (0.03)  0.65 (0.24) - 0.59 (0.03)  - - - 
β-HCH  0.47 (0.10) 0.54 (0.19)  0.65 (0.10) 0.63 (0.19) 0.77 (0.12)  0.96 (0.12) 1.18 (0.23) -  - - - 
ɣ-HCH  1.01 (0.14) -  1.39 (0.14) - 1.46 (0.29)  0.74 (0.28) - 0.96 (0.29)  - - - 
Heptachlor epoxide  1.14 (0.09) 1.15 (0.23)  1.47 (0.09) 1.42 (0.23) 1.79 (0.03)  1.62 (0.28) 1.64 (0.31) 2.12 (0.03)  - - - 
γ -Chlordane  0.92 (0.10) 0.85 (0.21)  1.28 (0.10) 1.20 (0.21) 1.50 (0.04)  0.39 (0.27) 0.46 (0.34) 0.66 (0.04)  1.01 (0.07) 0.44 (0.59) 0.71 (0.07) 
α -Chlordane  0.99 (0.10) 0.90 (0.20)  1.35 (0.10) 1.27 (0.20) 1.61 (0.05)  - 0.19 (0.71) 0.92 (0.05)  1.15 (0.09) 0.97 (0.27) 0.74 (0.09) 
trans-Nonachlor  1.25 (0.10) 1.23 (0.22)  1.31 (0.10) 1.28 (0.22) 1.67 (0.06)  0.76 (0.33) 0.78 (0.43) 1.22 (0.06)  1.22 (0.08) 1.25 (0.57) 0.74 (0.08) 
cis-Nonachlor  1.07 (0.09) 1.02 (0.21)  1.11 (0.09) 1.22 (0.21) 1.51 (0.09)  0.58 (0.53) 0.65 (0.61) 1.28 (0.09)  - 1.12 (0.54) 0.62 (0.10) 
Dieldrin  1.19 (0.11) 1.13 (0.24)  1.45 (0.11) 1.34 (0.24) 1.49 (0.14)  1.50 (0.31) 1.48 (0.32) 1.83 (0.14)  1.04 (0.08) 2.08 (0.40) 0.84 (0.08) 
4,4'-DDE  0.84 (0.16) 0.73 (0.21)  1.05 (0.16) 1.19 (0.21) 1.27 (0.12)  0.86 (0.36) 0.92 (0.28) 1.26 (0.12)  0.89 (0.09) 1.32 (0.15) 1.19 (0.09) 
4,4'-DDD  0.65 (0.12) 0.71 (0.20)  1.14 (0.12) 1.25 (0.20) 1.12 (0.08)  0.55 (0.36) 0.61 (0.38) 0.82 (0.08)  - - 0.73 (0.08) 
4,4'-DDT  0.49 (0.52) 0.60 (0.37)  1.07 (0.52) 0.96 (0.37) 1.31 (0.08)  0.67 (0.53) 0.41 (0.38) 0.92 (0.08)  - - - 
Endosulfan sulfate  0.30 (0.10) 0.60 (0.21)  1.23 (0.10) 1.37 (0.21) 1.63 (0.03)  0.65 (0.18) 0.74 (0.22) 0.84 (0.03)  0.92 (0.10) 0.65 (0.32) 0.79 (0.10) 
PCB 8  0.90 (0.17) 0.40 (0.23)  1.59 (0.17) 0.94 (0.23) 1.14 (0.20)  0.65 (0.43) 0.24 (0.59) 0.92 (0.20)  0.41 (0.13) - 0.92 (0.13) 
PCB 18  0.94 (0.11) 0.70 (0.23)  1.48 (0.11) 1.16 (0.23) 1.31 (0.22)  0.32 (0.52) 0.12 (0.72) 0.94 (0.22)  0.71 (0.10) -0.12 
(0.77) 
1.10 (0.10) 
PCB 28  1.00 (0.11) 0.76 (0.22)  1.43 (0.11) 1.19 (0.22) 1.31 (0.17)  0.91 (0.31) 0.82 (0.37) 1.40 (0.17)  0.73 (0.09) 1.16 (0.25) 1.51 (0.09) 
PCB 52  0.89 (0.12) 0.69 (0.22)  1.25 (0.12) 1.13 (0.22) 1.32 (0.08)  0.55 (0.47) 0.47 (0.49) 1.18 (0.08)  0.79 (0.09) 1.06 (0.42) 1.11 (0.09) 
PCB 44  0.88 (0.09) 0.72 (0.20)  1.36 (0.09) 1.29 (0.20) 1.30 (0.07)  0.51 (0.43) 0.46 (0.63) 1.08 (0.07)  0.53 (0.11) 0.53 (0.46) 1.09 (0.11) 
PCB 66  0.86 (0.13) 0.74 (0.22)  1.08 (0.13) 1.13 (0.22) 1.12 (0.10)  0.72 (0.43) 0.95 (0.30) 1.35 (0.10)  0.83 (0.09) 1.31 (0.20) 1.59 (0.09) 
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PCB 101  0.87 (0.15) 0.70 (0.23)  0.73 (0.15) 0.74 (0.23) 0.62 (0.04)  0.66 (0.40) 0.71 (0.42) 1.03 (0.04)  0.89 (0.09) 1.30 (0.24) 1.70 (0.09) 
PCB 123  0.84 (0.12) -  0.93 (0.12) - 1.11 (0.08)  1.13 (0.91) - 1.02 (0.08)  - - 1.22 (0.10) 
PCB 118  0.93 (0.13) 0.78 (0.24)  1.04 (0.13) 1.15 (0.24) 1.13 (0.07)  0.78 (0.37) 0.87 (0.35) 1.07 (0.07)  0.78 (0.08) 1.31 (0.15) 1.46 (0.08) 
PCB 153  0.86 (0.15) 0.75 (0.23)  0.72 (0.15) 0.85 (0.23) 0.89 (0.05)  0.63 (0.42) 0.73 (0.39) 0.96 (0.05)  0.86 (0.10) 1.22 (0.14) 1.41 (0.10) 
PCB 105  0.83 (0.13) 0.61 (0.25)  1.01 (0.13) 1.07 (0.25) 1.03 (0.05)  0.82 (0.39) 0.86 (0.36) 1.06 (0.05)  - 1.31 (0.19) 1.26 (0.12) 
PCB 138  0.88 (0.14) 0.79 (0.24)  0.82 (0.14) 0.94 (0.24) 0.93 (0.07)  0.66 (0.43) 0.79 (0.39) 1.03 (0.07)  0.81 (0.12) 1.20 (0.22) 1.53 (0.12) 
PCB 187  0.55 (0.17) 0.43 (0.24)  0.61 (0.17) 0.74 (0.24) 0.85 (0.06)  0.58 (0.46) 0.67 (0.39) 0.99 (0.06)  0.70 (0.13) 1.15 (0.16) 1.32 (0.13) 
PCB 128  0.79 (0.14) 0.65 (0.24)  0.86 (0.14) 1.03 (0.24) 1.00 (0.06)  0.59 (0.59) 0.65 (0.50) 0.93 (0.06)  0.75 (0.09) 1.18 (0.14) 1.27 (0.09) 
PCB 167  0.87 (0.13) 0.64 (0.24)  0.33 (0.13) 0.43 (0.24) 0.31 (0.05)  0.44 (0.83) 0.68 (0.46) 0.95 (0.05)  0.87 (0.13) 1.19 (0.20) 1.21 (0.13) 




 0.53 (0.48) 0.62 (0.38) 0.95 (0.04)  - 1.24 (0.16) 1.07 (0.12) 
PCB 157  0.59 (0.14) -  0.49 (0.14) - 0.47 (0.07)  0.46 (0.70) - 0.94 (0.07)  - - - 
PCB 180  0.53 (0.18) 0.43 (0.23)  - - -  0.43 (0.43) 0.53 (0.38) 0.85 (0.06)  0.59 (0.15) 1.02 (0.17) 0.97 (0.15) 






 0.33 (0.55) 0.38 (0.48) 0.84 (0.04)  0.64 (0.14) 1.05 (0.16) 1.29 (0.14) 
PCB 189  0.14 (0.18) -  - - 1.44 (0.09)  - - 0.76 (0.09)  - - - 
PCB 195  - -  - - -  -0.12 
(0.95) 
- 0.74 (0.05)  - 0.34 (0.74) 1.19 (0.20) 
PCB 206  - -  - - -  - - 0.50 (0.10)  - 0.53 (0.44) -0.16 (0.09) 
PCB 209  - -  - - -  -0.35 
(0.94) 
- 0.30 (0.18)  - - -0.03 (0.33) 
BDE 47  1.18 (0.23) 0.80 (0.28)  1.55 (0.23) 1.21 (0.28) -  1.53 (0.38) 1.10 (0.34) -  - 2.41 (0.90) 1.63 (0.84) 
BDE 100  - 0.83 (0.45)  - 1.42 (0.45) -  - 0.96 (0.51) -  - - - 
BDE 99  1.41 (0.38) 0.56 (0.37)  - - -  1.52 (0.49) 0.83 (0.42) -  - - - 
















 0.05 (0.19) -0.80 
(1.17) 
-0.16 (0.19) 










 0.03 (0.31) -0.47 
(0.58) 





MTCS  0.28 (0.15) 0.34 (0.54)  1.24 (0.15) 1.11 (0.54) 1.76 (0.04)  0.40 (0.55) 0.34 (0.74) 1.47 (0.04)  0.90 (0.28) 1.71 (0.47) 1.31 (0.28) 








0.04  -0.35 
(0.16) 
0.25 (0.33) -0.36 (0.16) 
α-HBCD  0.56 (0.27) 0.51 (0.22)  0.78 (0.27) 0.83 (0.22) -  0.41 (0.44) 0.56 (0.25) -  -0.12 
(0.29) 
- -0.52 (0.29) 
β-HBCD  - 0.59 (0.36)  - - -  - - -  - - - 
ɣ-HBCD  - 0.58 (0.60)  - - -  - - -0.92  - - - 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 60% (but higher than 40%), 
highlighting as italic numbers; half MDL of compound was allocated. 
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Appendix 32  Fugacities of HOCs in seawater, phytoplankton and fish in Singapore mangrove ecosystem (log base with SD in bracket) 
Fugacity, Pa (log 10) Seawater Phytoplankton/SS Liisha elongate Tropical silverside Glass perchlet Halfbeak 
Celestolide -9.00 (0.02) - -10.68 (0.22) - - -11.61 (0.70) 
Traesolide -11.05 (0.00) -11.65 - - - - 
Galaxolide -6.80 (0.01) -7.27 -7.26 (0.08) -7.31 -7.31 (0.35) -7.05 (0.04) 
Tonalide -8.10 (0.05) -8.18 -8.46 (0.14) -8.88 -8.49 (0.41) -8.88 (0.05) 
Musk ketone -12.91 (0.06) -12.54 -13.22 (0.89) -12.82 -13.49 (0.90) - 
1,2,4-TrCBz -8.89 (0.00) - - -6.60 - - 
1,2,3,5 & 1,2,4,5-TeCBz -8.70 (0.00) - -8.55 (0.49) - -7.85 (0.28) -8.02 (0.63) 
1,2,3,4- TeCBz -9.07 (0.00) -7.86 -8.17 (0.64) - -7.89 (0.46) -8.09 (0.28) 
PeCBz -9.90 (0.00) -8.21 -8.48 (0.55) -8.87 -8.11 (0.42) -8.40 (0.24) 
HCBz -8.22 (0.21) -8.36 -8.35 (0.45) -8.68 -7.95 (0.21) -8.33 (0.16) 
α-HCH -10.00 (0.05) - -9.76 (0.02) -9.89 -10.49 (0.97) -10.37 (0.90) 
ɣ-HCH -9.65 (0.02) - -9.60 (0.14) -9.47 -9.45 (0.12) -10.04 (0.88) 
Heptachlor epoxide -10.38 (0.05) -10.03 -10.08 (0.11) -10.05 -9.97 (0.08) -9.88 (0.13) 
ɣ-Chlordane -9.97 (0.03) -9.98 -10.01 (0.13) -10.11 -9.86 (0.15) -9.77 (0.10) 
α-Chlordane -10.13 (0.03) -10.15 -9.94 (0.17) -10.26 -9.83 (0.21) -9.72 (0.12) 
Endosulfan I  -10.00 (0.00) - -8.23 (0.63) - -8.26 (0.90) -8.30 (0.97) 
Endosulfan II -9.65 (0.00) - - - - - 
trans-Nonachlor -11.03 (0.00) -10.79 -10.23 (0.12) -10.20 -10.06 (0.14) -9.90 (0.11) 
cis-Nonachlor -11.09 (0.00) -10.89 -10.60 (0.09) -10.50 -10.45 (0.15) -10.36 (0.09) 
Dieldrin -9.72 (0.01) -9.56 -9.45 (0.05) -9.43 -9.30 (0.07) -9.18 (0.17) 
4,4'-DDE -10.36 (0.04) -9.55 -9.37 (0.05) -10.02 -9.19 (0.13) -9.02 (0.16) 
4,4'-DDD -11.59 (0.00) -10.43 -10.63 (0.09) -10.72 -11.04 (1.22) -10.19 (0.10) 
4,4'-DDT -11.99 (0.00) -11.93 -12.00 (0.12) -12.12 -11.87 (0.14) -12.00 (0.05) 
Endosulfan sulfate -10.45 (0.03) -9.29 -9.29 (0.13) -9.35 -9.18 (0.16) -8.88 (0.21) 
PCB 8 -10.38 (0.00) -9.57 -9.45 (0.07) -9.63 -9.77 (0.90) -9.85 (0.97) 
PCB 18 -10.30 (0.00) -9.23 -9.41 (0.06) -9.70 -9.33 (0.07) -9.31 (0.12) 
PCB 28 -9.42 (0.06) -8.81 -8.77 (0.11) -8.68 -8.70 (0.06) -8.62 (0.02) 
PCB 52 -10.28 (0.00) -9.54 -9.37 (0.10) -9.63 -9.29 (0.05) -9.28 (0.06) 
PCB 44 -10.53 (0.00) -10.04 -9.94 (0.09) -10.41 -9.88 (0.05) -9.80 (0.01) 
PCB 66 -10.89 (0.00) -9.99 -9.83 (0.11) -9.56 -9.66 (0.11) -9.55 (0.07) 
PCB 101 -11.01 (0.00) -10.25 -9.91 (0.10) -9.97 -9.76 (0.08) -9.76 (0.13) 
PCB 77 -11.60 (0.00) - -12.24 (0.18) -12.05 -12.32 (0.55) - 
PCB 123 -10.66 (0.00) - -10.87 (0.10) -11.01 -11.11 (1.06) -11.26 (1.18) 
PCB 118 -10.24 (0.00) -9.73 -9.47 (0.11) -9.23 -9.27 (0.18) -9.22 (0.13) 
PCB 153 -11.93 (0.00) -11.13 -10.78 (0.12) -10.55 -10.52 (0.23) -10.49 (0.18) 
PCB 105 -10.29 (0.00) -10.15 -9.99 (0.06) -9.72 -9.78 (0.11) -9.70 (0.11) 
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PCB 138 -11.87 (0.00) -11.42 -11.18 (0.09) -10.75 -10.84 (0.26) -10.74 (0.15) 
PCB 126 -10.86 (0.00) - - -11.99 - - 
PCB 187 -11.88 (0.00) -11.74 -11.29 (0.17) -11.56 -11.12 (0.20) -11.09 (0.21) 
PCB 128 -11.94 (0.00) -12.29 -12.06 (0.11) -11.68 -11.81 (0.24) -11.72 (0.14) 
PCB 167 -11.45 (0.00) -12.17 -12.05 (0.07) -11.49 -11.67 (0.21) -11.61 (0.25) 
PCB 156 -11.14 (0.00) -11.67 -11.26 (0.19) -10.96 -11.02 (0.14) -11.27 (0.37) 
PCB 157 -11.49 (0.00) - -12.27 (0.40) -11.88 -12.21 (0.71) -12.22 (0.75) 
PCB 180 -12.44 (0.00) -12.34 -12.01 (0.15) -11.75 -11.74 (0.27) -11.62 (0.19) 
PCB 170 -12.69 (0.00) -12.19 -12.41 (0.11) -12.12 -12.19 (0.21) -12.17 (0.25) 
PCB 189 -12.11 (0.00) - -13.12 (0.35) -12.76 -13.18 (0.61) -13.31 (0.55) 
PCB 195 -12.84 (0.00) -13.93 -13.71 (0.09) -13.55 -13.92 (0.97) -14.02 (1.08) 
PCB 206 -12.95 (0.00) -13.87 -14.17 (0.66) -13.56 -14.08 (0.90) -14.46 (0.72) 
PCB 209 -13.36 (0.00) - - -14.07 -14.37 (0.86) -14.38 (0.97) 
HBBz - - -11.40 (0.48) - -11.64 (0.70) - 
BDE 28 - - - - - - 
BDE 47 - -12.17 -12.30 (0.28) -11.90 -12.13 (0.16) -11.82 (0.11) 
BDE 100 - -13.82 - -13.56 -14.27 (0.91) -13.32 (0.16) 
BDE 99 - -13.35 -14.24 (0.48) - - -13.62 (0.39) 
BDE 154 - - - - - -14.16 (0.16) 
syn-DP - -16.52 -18.33 (0.74) - -17.90 (0.91) -17.79 (1.15) 
anti-DP - -16.34 -18.00 (0.62) - -17.93 (0.92) -17.80 (1.19) 
MTCS 9.57 (0.06) -9.43 -9.54 (0.48) -9.54 -9.73 (0.46) -9.73 (0.07) 
Triclosan - - -12.32 (0.02) -12.66 -12.26 (0.10) -11.94 (0.16) 
α-HBCD - - -13.83 (0.96) -13.80 - -12.97 (0.09) 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 60% (but higher 









Appendix 32 -Continued 
Fugacity, Pa (log 10) Prawn Green chromide Mullet Tilapia Milkfish Golden flathead goby 
Celestolide - - - - -11.85 (0.77) - 
Traesolide - - - - - - 
Galaxolide -8.66 -7.82 (0.28) -7.35 (0.18) -7.83 -7.74 (0.21) -8.08 (0.23) 
Tonalide -9.77 -8.89 (0.09) -8.62 (0.21) -9.13 -8.91 (0.21) -9.01 (0.21) 
Musk ketone - -13.54 (0.93) -13.90 (0.75) - -13.99 (0.75) - 
1,2,4-TrCBz - -6.40 (2.21) -6.88 (2.81) -4.40 -5.50 (2.08) -4.54 (0.80) 
1,2,3,5 & 1,2,4,5-TeCBz -8.46 -7.86 (0.24) -7.76 (0.28) -7.06 -7.53 (0.42) -8.27 (1.00) 
1,2,3,4- TeCBz -8.51 -8.06 (0.22) -8.14 (0.13) -7.56 -7.94 (0.52) -8.04 (0.45) 
PeCBz -9.04 -8.59 (0.27) -8.29 (0.17) -8.20 -8.29 (0.26) -8.23 (0.25) 
HCBz -8.65 -8.53 (0.10) -8.02 (0.15) -9.16 -8.11 (0.05) -8.08 (0.18) 
α-HCH -10.02 -10.35 (0.95) -10.06 (0.87) -9.86 -10.55 (0.62) -10.10 (0.84) 
ɣ-HCH -9.68 -9.93 (0.99) -9.81 (1.08) -8.85 -9.63 (0.62) - 
Heptachlor epoxide -10.34 -9.88 (0.15) -9.71 (0.13) -9.86 -9.76 (0.06) -10.18 (0.69) 
ɣ-Chlordane -10.84 -10.21 (0.56) -9.66 (0.31) -10.17 -10.01 (0.18) -9.99 (0.16) 
α-Chlordane -10.37 -10.75 (1.43) -9.48 (0.25) -10.39 -10.23 (0.27) -10.94 (0.96) 
Endosulfan I  - - - - - - 
Endosulfan II - - - -7.18 - - 
trans-Nonachlor -10.33 -10.91 (1.33) -9.85 (0.26) -10.69 -10.29 (0.19) -10.67 (0.79) 
cis-Nonachlor -10.77 -11.18 (1.12) -10.19 (0.20) -10.88 -10.89 (0.67) -11.26 (0.88) 
Dieldrin -9.56 -9.26 (0.15) -9.06 (0.15) -9.28 -9.21 (0.06) -9.64 (0.93) 
4,4'-DDE -9.69 -9.38 (0.27) -8.96 (0.20) -9.51 -9.32 (0.12) -9.36 (0.12) 
4,4'-DDD - -11.38 (1.27) -11.65 (1.53) -10.55 -11.74 (1.09) - 
4,4'-DDT -13.01 -12.05 (0.11) -11.64 (0.29) -12.08 -11.99 (0.18) - 
Endosulfan sulfate -10.52 -9.32 (0.26) -9.05 (0.15) -8.45 -9.14 (0.11) -9.05 (0.14) 
PCB 8 - -9.97 (0.89) -9.14 (0.18) - -10.03 (0.67) -9.80 (0.87) 
PCB 18 - -10.09 (1.21) -9.13 (0.18) -9.20 -9.39 (0.27) -9.80 (0.73) 
PCB 28 -9.06 -8.66 (0.18) -8.48 (0.19) -8.52 -8.68 (0.19) -8.68 (0.15) 
PCB 52 -10.67 -9.38 (0.13) -9.15 (0.20) -9.44 -9.37 (0.13) -9.35 (0.11) 
PCB 44 -11.16 -10.12 (0.22) -9.85 (0.20) -10.16 -9.89 (0.20) -9.94 (0.13) 
PCB 66 -10.05 -9.74 (0.25) -9.52 (0.20) -9.86 -9.70 (0.17) -9.69 (0.12) 
PCB 101 -10.45 -10.03 (0.25) -9.74 (0.20) -10.18 -9.93 (0.13) -9.98 (0.16) 
PCB 77 - -12.30 (0.53) - - -12.44 (0.64) - 
PCB 123 -11.31 -11.48 (0.99) -11.36 (1.43) -11.09 -11.50 (1.01) - 
PCB 118 -9.75 -9.54 (0.28) -9.21 (0.17) -9.70 -9.44 (0.11) -9.42 (0.09) 
PCB 153 -11.14 -10.86 (0.24) -10.56 (0.18) -11.09 -10.78 (0.15) -10.78 (0.12) 
PCB 105 -10.26 -10.00 (0.17) -10.22 (1.00) -10.31 -9.97 (0.13) -10.20 (0.64) 
312 
 
PCB 138 -11.35 -11.06 (0.19) -10.81 (0.22) -11.38 -11.05 (0.13) -11.00 (0.14) 
PCB 126 - - - - - - 
PCB 187 -11.71 -11.46 (0.23) -11.13 (0.22) -11.70 -11.33 (0.24) -11.34 (0.15) 
PCB 128 -12.52 -12.69 (1.23) -11.91 (0.17) -12.59 -12.09 (0.14) -12.39 (0.77) 
PCB 167 -12.36 -12.36 (0.97) -11.59 (0.23) - -11.96 (0.31) -12.16 (0.52) 
PCB 156 -11.70 -11.74 (0.87) -11.55 (0.76) - -11.37 (0.27) -11.75 (0.63) 
PCB 157 - - - - - - 
PCB 180 -12.41 -12.20 (0.34) -11.66 (0.24) -12.34 -11.92 (0.15) -11.97 (0.15) 
PCB 170 -12.90 -12.51 (0.22) -12.09 (0.20) -12.78 -12.34 (0.18) -12.41 (0.14) 
PCB 189 - - -13.35 (0.56) - - - 
PCB 195 - - -13.43 (0.24) - -14.21 (0.75) -14.24 (0.51) 
PCB 206 - - -13.31 (0.28) - -13.84 (0.78) -14.18 (0.60) 
PCB 209 - - -13.99 (0.36) - -14.87 (0.96) - 
HBBz - -11.50 (0.66) - - - - 
BDE 28 - - - -11.94 - - 
BDE 47 -12.91 -12.32 (0.10) -12.10 (0.25) -12.41 -12.30 (0.19) -12.31 (0.07) 
BDE 100 -14.62 - -13.77 (0.35) - -14.42 (0.62) - 
BDE 99 -14.18 - - - - - 
BDE 154 - - - - -15.20 (0.91) - 
syn-DP - - -17.00 (0.20) - -17.92 (0.92) -18.22 (0.68) 
anti-DP - - -17.00 (0.21) - -17.97 (0.93) -18.30 (0.48) 
MTCS -10.69 -9.73 (0.09) -10.19 (0.17) -10.06 -9.81 (0.33) -9.37 (0.12) 
Triclosan -12.17 -13.15 (1.06) -13.98 (1.02) -12.52 -13.91 (0.85) - 
α-HBCD - -13.80 (0.24) -13.15 (0.20) -13.80 -14.39 (0.56) -14.05 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 60% (but higher 









Appendix 33  Fugacities of HOCs in air and air-breathing organisms in Singapore mangrove ecosystem (log base with SD in bracket) 
  AIR  SBWR    SMW     Unknown 
    Common 
nerite 
Rodong snail Crab  Common 
nerite 







Celestolide  -10.29  - - -  -11.08 -10.10 (0.53) -11.22 (0.78) -10.36 (0.17)  - 
Galaxolide  -7.22  -8.82 -7.23 -8.09 (0.16)  -7.80 -6.89 (0.53) -7.38 (0.49) -6.67 (0.12)  - 
Tonalide  -8.21  - -8.54 -9.13 (0.08)  -9.28 -7.97 (0.46) -8.44 (0.29) -7.94 (0.18)  - 
Musk xylene  -14.01  - - -  - - - -12.59 (0.04)  - 
Musk ketone  -12.40  -13.58 -12.78 -13.37 (1.04)  -12.40 -12.04 (0.39) -12.22 (0.41) -11.80 (0.17)  - 




 -7.97  -8.50 -8.13 -7.53 (0.19)  -8.62 -7.98 (0.62) -8.14 (0.56) -8.53 (0.77)  - 
1,2,3,4- 
TeCBz 
 -8.33  -8.08 -7.94 -7.82 (0.14)  -8.81 -8.00 (0.45) -8.68 (0.45) -  -7.66 (0.55) 
PeCBz  -9.30  -9.09 -8.51 -8.67 (0.31)  -9.25 -8.54 (0.41) -8.88 (0.78) -8.50 (0.05)  -8.10 (1.31) 
HCBz  -8.81  -8.78 -8.28 -9.51 (0.81)  -8.44 -8.62 (0.83) -9.18 (1.02) -8.30 (0.02)  -8.04 (1.23) 
α-HCH  -8.80  - -9.99 -  -9.88 -9.92 (0.51) - -9.99 (0.30)   
β-HCH  -9.47  - - -  -9.03 -8.95 (0.64) -8.74 (0.17) -9.46 (0.08)  -9.17 (1.25) 
ɣ-HCH  -9.52  -10.12 -9.42 -  -10.03 -9.78 (0.69) - -9.60 (0.05)  - 
Heptachlor 
epoxide 
 -10.46  - -10.37 -9.04 (0.23)  -9.69 -8.81 (0.29) -10.17 (1.01) -9.60 (0.17)  -8.32 (0.42) 
ɣ-Chlordane  -10.27  -10.68 -10.40 -10.58 (0.56)  -10.37 -9.78 (0.24) -10.82 (0.86) -9.60 (0.08)  -8.66 (0.67) 
α-Chlordane  -10.23  - -10.53 -10.24 (0.27)  -10.66 -10.34 (1.09) -11.46 (0.79) -9.58 (0.11)  -8.81 (0.54) 
trans-
Nonachlor 
 -11.07  -11.15 -11.25 -10.68 (0.52)  -10.72 -10.16 (0.29) -11.16 (0.72) -10.21 (0.15)  -8.70 (0.48) 
cis-Nonachlor  --  - -11.32 -10.79 (0.48)  -11.27 -10.78 (0.68) - -10.65 (0.11)  -9.58 (1.33) 
Dieldrin  -10.19  -9.75 -9.80 -8.49 (0.38)  -9.66 -8.59 (0.26) -10.29 (1.00) -9.24 (0.05)  -8.11 (0.66) 
4,4'-DDE  -10.62  -10.43 -9.39 -9.27 (0.11)  -10.23 -9.34 (0.33) -9.73 (0.33) -9.62 (0.09)  -8.16 (0.49) 
4,4'-DDD  -11.43  - -10.68 -  -10.94 -10.37 (0.42) -10.98 (0.72) -10.49 (0.07)  -9.55 (0.42) 




 -11.11  -9.41 -9.75 -9.81 (0.33)  -9.75 -9.76 (0.24) -10.51 (0.88) -9.37 (0.17)  - 
PCB 8  -9.91  - -8.90 -  - -9.56 (0.61) -10.47 (0.47) -9.32 (0.31)  -9.07 (0.74) 
PCB 18  -10.53  - -9.11 -10.23 (0.72)  -10.62 -9.93 (0.94) - -9.13 (0.02)  - 
PCB 28  -10.10  -9.97 -8.27 -8.64 (0.21)  -9.93 -8.60 (0.37) -8.95 (0.38) -8.73 (0.04)  -7.83 (1.01) 
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PCB 52  -10.62  -10.75 -9.45 -9.48 (0.37)  -10.74 -9.59 (0.57) -10.90 (0.65) -9.35 (0.06)  -9.55 (1.55) 
PCB 44  -10.95  - -9.94 -10.46 (0.41)  -11.43 -10.31 (0.79) - -9.91 (0.06)  - 
PCB 66  -11.22  -10.85 -9.24 -9.54 (0.17)  -10.90 -9.76 (0.52) -10.43 (0.63) -10.07 (0.17)  -8.48 (0.70) 
PCB 101  -11.65  - -9.53 -9.96 (0.21)  -11.24 -10.32 (0.82) -11.46 (0.62) -10.09 (0.08)  -8.82 (0.60) 
PCB 77  -12.56  - -11.74 -12.19 (0.66)  -12.48 -11.86 (0.65) -12.13 (0.71) -  -11.07 
(0.65) 
PCB 123  -11.58  - -10.84 -  -11.87 -10.51 (0.81) -10.44 (0.60) -10.70 (0.90)  -9.69 (0.95) 
PCB 118  -11.03  - -9.21 -9.37 (0.12)  -10.54 -9.41 (0.38) -9.58 (0.46) -9.65 (0.07)  -8.00 (0.59) 
PCB 153  -12.56  -12.24 -10.62 -10.83 (0.10)  -11.79 -10.85 (0.36) -11.20 (0.47) -10.99 (0.07)  -9.20 (0.52) 
PCB 105  -11.52  - -9.82 -9.79 (0.15)  -11.04 -9.82 (0.37) -10.00 (0.38) -10.13 (0.06)  -8.52 (0.58) 
PCB 138  -12.90  -12.45 -10.73 -11.08 (0.17)  -12.08 -11.03 (0.38) -11.58 (0.87) -11.20 (0.08)  -9.43 (0.50) 
PCB 126  -10.96  - - -  -12.18 - -11.38 (0.28) -  - 
PCB 187  -12.97  -12.51 -11.18 -11.37 (0.10)  -12.11 -11.42 (0.35) -11.93 (0.84) -11.86 (0.07)  -9.81 (0.53) 
PCB 128  -  -13.13 -11.87 -11.99 (0.12)  -12.99 -12.06 (0.50) -12.47 (0.64) -12.17 (0.09)  -10.42 
(0.56) 
PCB 167  -  -12.84 -11.79 -11.84 (0.15)  -12.52 -12.05 (0.74) -12.24 (0.69) -12.05 (0.03)  -10.53 
(1.19) 
PCB 156  -  -12.29 -11.40 -11.26 (0.11)  -12.07 -11.43 (0.58) -11.59 (0.64) -11.46 (0.10)  -10.02 
(1.19) 
PCB 157  -  - - -  -12.88 -12.36 (0.68) - -12.53 (0.32)  -10.82 
(0.79) 
PCB 180  -13.62  -13.16 -12.08 -12.06 (0.10)  -12.68 -12.09 (0.35) -12.45 (0.84) -12.27 (0.10)  -10.29 
(0.55) 
PCB 170  -  -13.44 -12.11 -12.37 (0.08)  -13.02 -12.51 (0.44) -12.87 (0.71) -12.58 (0.13)  -10.76 
(0.60) 
PCB 189  -  -10.80 - -  - - -13.21 (0.86) -13.32 (0.32)  -11.70 
(0.81) 
PCB 195  -13.88  - -13.44 -14.22 (0.66)  -14.44 -14.45 (0.93) -14.66 (0.63) -14.07 (0.20)  -12.62 
(1.09) 
PCB 206  -  -14.07 - -13.89 (0.41)  -14.08 - -14.68 (0.74) -14.42 (0.59)  -12.71 
(0.92) 




 -  - - -  - - -9.91 (0.77) -  - 
BDE 28  -  - - -  -11.72 -12.11 (0.91) -11.71 (0.84) -  -10.82 
(0.71) 
BDE 47  -  -12.75 -12.90 -12.11 (0.29)  -12.20 -11.80 (0.29) -11.67 (0.60) -12.11 (0.12)  -10.63 
(0.67) 




BDE 99  -  -14.14 - -14.10 (0.75)  -13.70 -13.30 (0.25) -13.67 (0.76) -13.27 (0.19)  -12.22 
(0.55) 
BDE 154  -  - - -  - - -15.76 (0.52) -  -13.54 
(1.06) 
BDE 153  -  - - -  - - -15.65 (1.04) -  -13.94 
(0.76) 
syn-DP  -  -16.86 -17.47 -17.98 (1.08)  -17.15 -17.12 (0.37) -17.54 (0.59) -17.48 (0.34)  -17.46 
(0.55) 
anti-DP  -  -16.77 -17.23 -17.64 (1.06)  -16.93 -16.83 (0.40) -17.11 (0.33) -17.33 (0.37)  -16.99 
(0.75) 
MTCS  -9.60  -10.42 -9.32 -8.92 (0.34)  -9.58 -8.81 (0.52) -9.22 (0.32) -8.97 (0.13)  - 
Triclosan  -  -12.33 -12.33 -11.72 (0.26)  -11.65 -11.10 (0.16) -11.05 (0.35) -11.45 (0.24)  - 
α-HBCD  -  - - -  -13.76 -13.25 (0.67) -13.42 (1.07) -12.57 (0.19)  - 
β-HBCD  -  - - -  - - -14.26 (1.21) -  - 
ɣ-HBCD  -  - - -  - -14.25 (0.89) -14.07 (1.38) -  - 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 













Appendix 34  Fugacities of HOCs in sediment and sediment-dwelling organisms in Singapore mangrove ecosystem (log base with SD 
in bracket) 
Fugacity, Pa (log 10) Mandai  site 1    Mandai site 2    
 Sediment Worm Clam Crab Sediment Worm Clam Crab 
Celestolide -9.42 (0.09) -9.58 -8.69 -9.98 (0.56) -9.45 (0.23) -9.72 -8.82 -10.08 (0.67) 
Traesolide -10.91 (0.10) - - - -10.88 (0.24) - - - 
Galaxolide -6.25 (0.08) -6.29 -5.22 -6.74 (0.56) -6.13 (0.35) -5.98 -5.38 -6.85 (0.66) 
Tonalide -7.06 (0.10) -7.12 -6.37 -7.76 (0.43) -7.09 (0.24) -7.05 -6.54 -7.93 (0.50) 
Musk xylene - -12.89 -11.98 - - -12.52 -12.16 - 
Musk ketone -11.81 (0.08) -11.60 -10.50 -11.89 (0.39) -11.89 (0.31) -11.26 -10.77 -11.95 (0.38) 
1,2,4-TrCBz -6.10 (0.25) -6.04 -6.00  -7.50 (1.51) -5.92 -6.01 -7.14 (1.51) 
1,2,3,5 & 1,2,4,5-TeCBz -7.98 (0.17) -7.55 -7.67 -7.64 (0.34) -7.86 (0.26) -7.82 -7.64 -8.31 (1.15) 
1,2,3,4- TeCBz -7.88 (0.12) -7.91 -7.63 -7.75 (0.28) -7.82 (0.24) -7.97 -7.75 -7.91 (0.52) 
PeCBz -8.63 (0.12) -8.33 -8.61 -8.60 (0.33) -8.51 (0.30) -8.53 -8.71 -8.73 (0.71) 
HCBz -8.60 (0.10) -8.20 -8.40 -8.69 (0.47) -8.12 (0.59) -8.30 -8.63 -9.13 (1.49) 
α-HCH -9.90 (0.18) -9.44 -9.40 -9.71 (0.15) -10.65 (0.81) -9.53 -9.32 -9.70 (0.13) 
β-HCH -9.20 (0.10) -9.19 -9.01 -8.69 (0.05) -9.35 (0.19) -9.26 -9.18 -8.62 (0.12) 
ɣ-HCH -9.84 (0.14) -9.29 -8.91 -9.56 (0.24) -10.65 (0.82) -9.25 -8.92 -9.44 (0.07) 
Heptachlor -11.08 (0.70) -10.35 -9.28 - -10.65 (1.14) -10.35 -9.48 - 
Heptachlor epoxide -9.92 (0.09) -9.24 -8.91 -8.76 (0.27) -10.02 (0.23) -9.33 -9.05 -8.83 (0.21) 
ɣ-Chlordane -9.66 (0.10) -9.19 -8.84 -9.73 (0.26) -9.67 (0.21) -9.27 -8.93 -9.67 (0.26) 
α-Chlordane -9.82 (0.10) -9.28 -8.92 -10.42 (1.31) -9.83 (0.20) -9.38 -9.01 -10.09 (0.68) 
Endosulfan I  - -7.49 - - - -7.56 - - 
Endosulfan II - - - - - - - - 
trans-Nonachlor -10.41 (0.10) -9.62 -9.55 -10.11 (0.31) -10.44 (0.22) -9.66 -9.62 -10.11 (0.37) 
cis-Nonachlor -10.82 (0.09) -10.20 -10.16 -10.69 (0.52) -10.91 (0.21) -10.34 -10.14 -10.71 (0.58) 
Dieldrin -9.64 (0.11) -8.91 -8.64 -8.59 (0.29) -9.64 (0.24) -8.97 -8.76 -8.62 (0.21) 
4,4'-DDE -9.71 (0.16) -9.33 -9.12 -9.31 (0.32) -9.78 (0.21) -9.51 -9.04 -9.32 (0.18) 
4,4'-DDD -10.37 (0.12) -10.18 -9.69 -10.28 (0.34) -10.51 (0.20) -10.25 -9.71 -10.36 (0.32) 
4,4'-DDT -12.10 (0.52) -12.06 -11.49 -11.88 (0.11) -12.04 (0.37) -11.90 -11.53 -12.09 (0.06) 
Endosulfan sulfate -9.82 (0.10) -9.97 -9.05 -9.63 (0.15) -9.97 (0.21) -9.82 -9.06 -9.69 (0.05) 
PCB 8 -9.59 (0.17) -9.15 -8.46 -9.40 (0.40) -9.41 (0.23) -9.46 -8.92 -9.62 (0.55) 
PCB 18 -9.54 (0.11) -9.06 -8.52 -9.67 (0.51) -9.49 (0.23) -9.25 -8.79 -9.83 (0.69) 
PCB 28 -9.07 (0.11) -8.53 -8.10 -8.61 (0.29) -9.05 (0.22) -8.74 -8.32 -8.68 (0.29) 
PCB 52 -9.64 (0.12) -9.21 -8.85 -9.55 (0.46) -9.64 (0.22) -9.40 -8.96 -9.62 (0.44) 
PCB 44 -10.23 (0.09) -9.81 -9.33 -10.17 (0.42) -10.29 (0.20) -10.03 -9.46 -10.28 (0.60) 
PCB 66 -10.10 (0.13) -9.69 -9.47 -9.84 (0.41) -10.17 (0.22) -9.89 -9.50 -9.67 (0.19) 
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PCB 101 -10.36 (0.15) -9.95 -10.09 -10.16 (0.37) -10.47 (0.23) -10.22 -10.18 -10.22 (0.36) 
PCB 77 - -11.64 -11.45 -11.85 (0.49) - -12.06 -11.48 -12.22 (0.62) 
PCB 123 -11.13 (0.12) -10.74 -10.65 -10.45 (0.90) -11.66 (0.48) -11.03 -10.67 -10.98 (1.15) 
PCB 118 -9.82 (0.13) -9.35 -9.23 -9.49 (0.35) -9.93 (0.24) -9.60 -9.23 -9.51 (0.26) 
PCB 153 -11.05 (0.15) -10.64 -10.78 -10.87 (0.40) -11.18 (0.23) -10.89 -10.79 -10.91 (0.31) 
PCB 105 -10.26 (0.13) -9.89 -9.71 -9.89 (0.36) -10.35 (0.25) -10.19 -9.73 -9.94 (0.25) 
PCB 138 -11.26 (0.14) -10.84 -10.90 -11.06 (0.41) -11.40 (0.24) -11.07 -10.91 -11.07 (0.30) 
PCB 126 - - - - - - - - 
PCB 187 -11.54 (0.17) -11.45 -11.39 -11.42 (0.43) -11.67 (0.24) -11.69 -11.38 -11.46 (0.31) 
PCB 128 -12.20 (0.14) -11.87 -11.80 -12.07 (0.58) -12.32 (0.24) -12.13 -11.75 -12.13 (0.44) 
PCB 167 -12.11 (0.13) -11.70 -12.24 -12.13 (0.82) -12.20 (0.24) -12.01 -12.22 -11.97 (0.39) 
PCB 156 -11.52 (0.14) -11.27 -12.04 -11.45 (0.46) -11.67 (0.25) -11.58 - -11.51 (0.29) 
PCB 157 -12.39 (0.14) -12.26 -12.35 -12.39 (0.68) -12.85 (0.41) - -12.51 - 
PCB 180 -12.05 (0.18) -11.98 - -12.08 (0.39) -12.21 (0.23) -12.23 - -12.13 (0.30) 
PCB 170 -12.37 (0.19) -12.28 -13.37 -12.50 (0.52) -12.54 (0.25) -12.59 -13.51 -12.61 (0.41) 
PCB 189 -13.01 (0.18) -13.33 - - - - - - 
PCB 195 -13.70 (0.20) - - -14.28 (0.92) -13.79 (0.25) - - - 
PCB 206 -13.52 (0.14) - - - -13.59 (0.34) - - - 
PCB 209 -13.73 (0.13) - - -14.53 (0.93) -13.84 (0.25) - - - 
1,2,4,5-TeBBz - -9.82 - -10.54 (0.78) - -9.99 -10.33 -10.49 (0.90) 
HxBBz - -11.89 - - - -11.61 - -11.24 (0.39) 
BDE 28 - -12.12 - -11.52 (0.20) - - - -12.28 (0.91) 
BDE 47 -12.73 (0.23) -12.01 -11.63 -11.65 (0.31) -12.53 (0.28) -12.18 -11.77 -11.88 (0.18) 
BDE 100 - -13.65 -13.11 -13.53 (0.25) -14.18 (0.45) -13.81 -13.22 -13.68 (0.25) 
BDE 99 -14.23 (0.38) -13.27 - -13.16 (0.30) -13.68 (0.37) -13.57 - -13.30 (0.19) 
BDE 154 - - - - - - - -14.79 (0.03) 
BTBPE -17.60 (0.48) - - - -17.55 (0.48) - - - 
syn-DP -16.25 (0.23) -16.95 -16.91 -17.06 (0.32) -16.08 (0.17) -17.01 -17.04 -16.89 (0.31) 
anti-DP -16.18 (0.20) -16.84 -16.79 -16.60 (0.24) -15.94 (0.44) -16.84 -16.92 -16.87 (0.38) 
MTCS -8.63 (0.15) -8.81 -7.84 -8.68 (0.53) -8.71 (0.54) -8.82 -8.05 -8.82 (0.51) 
Triclosan -10.50 (0.09) -10.87 -11.64 -11.07 (0.21) -10.36 (0.29) -10.74 -12.33 -11.06 (0.13) 
TBBPA -19.47 (0.27) - - - -19.46 (0.29) - - - 
α-HBCD -12.88 (0.27) -12.78 -12.56 -12.93 (0.35) -13.02 (0.22) -12.97 -12.64 -12.91 (0.10) 
β-HBCD -13.79 (0.37) - - - -13.80 (0.36) -13.66 - - 
ɣ-HBCD -13.26 (0.20) - - - -13.07 (0.60) -12.95 - -13.91 (1.08) 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 60% (but higher 





Appendix 34- Continued 
Fugacity, Pa (log 10) Mandai site 3   Sungei Buloh    
 Sediment Clam Crab Sediment Worm Rodong snail Crab 
Celestolide -9.89 (0.06) -8.86 -9.83 -10.90 (0.14) - - - 
Traesolide -11.29 (0.09) -9.95 - - - - - 
Galaxolide -6.73 (0.07) -5.45 -6.69 -7.95 (0.14) -7.49 (0.15) -7.23 -8.09 (0.16) 
Tonalide -7.51 (0.09) -6.61 -7.89 -8.86 (0.13) -8.57 (0.06) -8.54 -9.13 (0.08) 
Musk xylene - -12.32 - - - - - 
Musk ketone -12.49 (0.03) -10.91 -11.99 -14.12 (0.31) - -12.78 -13.37 (1.04) 
1,2,4-TrCBz -6.07 (0.20) -5.63 - -6.44 (0.22) - -6.06 -6.74 (1.71) 
1,2,3,5 & 1,2,4,5-TeCBz -7.83 (0.04) -7.76 -8.08 -8.52 (0.39) -7.86 (0.13) -8.13 -7.53 (0.19) 
1,2,3,4- TeCBz -7.91 (0.09) -7.79 -8.11 -8.57 (0.13) -8.05 (0.11) -7.94 -7.82 (0.14) 
PeCBz -8.79 (0.07) -9.04 -8.48 -9.21 (0.14) -8.52 (0.20) -8.51 -8.67 (0.31) 
HCBz -8.82 (0.09) -9.04 -8.55 -9.17 (0.10) -8.50 (0.09) -8.28 -9.51 (0.81) 
α-HCH -10.03 (0.03) -9.38 -9.89 - - -9.99 - 
β-HCH -9.52 (0.12) -9.20 - -10.38 (0.71) - - - 
ɣ-HCH -9.91 (0.29) -8.90 -9.41 - - -9.42 - 
Heptachlor - -9.57 - - - - - 
Heptachlor epoxide -10.46 (0.03) -9.13 -8.80 - -10.15 (0.13) -10.37 -9.04 (0.23) 
ɣ-Chlordane -10.02 (0.04) -8.97 -9.81 -10.65 (0.07) -10.09 (0.14) -10.40 -10.58 (0.56) 
α-Chlordane -10.18 (0.05) -9.03 -9.72 -10.82 (0.09) -10.12 (0.01) -10.53 -10.24 (0.27) 
Endosulfan I  - - - -7.83 (0.11) - - - 
Endosulfan II - - - -8.01 (0.25) - - - 
trans-Nonachlor -10.86 (0.06) -9.64 -10.10 -11.52 (0.08) -10.76 (0.10) -11.25 -10.68 (0.52) 
cis-Nonachlor -11.11 (0.09) -10.05 -10.29 -11.49 (0.10) - -11.32 -10.79 (0.48) 
Dieldrin -9.85 (0.14) -8.82 -8.48 -10.18 (0.08) -9.60 (0.09) -9.80 -8.49 (0.38) 
4,4'-DDE -9.81 (0.12) -9.00 -9.01 -10.12 (0.09) -9.69 (0.04) -9.39 -9.27 (0.11) 
4,4'-DDD -10.34 (0.08) -9.68 -9.97 -10.96 (0.08) - -10.68 - 
4,4'-DDT -12.43 (0.08) -11.58 -11.97 -12.23 (0.19) - - - 
Endosulfan sulfate -10.14 (0.03) -8.97 -9.75 -10.09 (0.10) -9.62 (0.08) -9.75 -9.81 (0.33) 
PCB 8 -9.52 (0.20) -8.84 -9.05 -9.32 (0.16) -9.41 (0.11) -8.90 - 
PCB 18 -9.52 (0.22) -8.67 -9.04 -9.73 (0.13) -9.50 (0.03) -9.11 -10.23 (0.72) 
PCB 28 -8.99 (0.17) -8.13 -8.05 -9.36 (0.12) -9.06 (0.05) -8.27 -8.64 (0.21) 
PCB 52 -9.62 (0.08) -8.76 -8.89 -10.11 (0.09) -9.77 (0.08) -9.45 -9.48 (0.37) 
PCB 44 -10.15 (0.07) -9.30 -9.53 -10.55 (0.13) -10.51 (0.16) -9.94 -10.46 (0.41) 
PCB 66 -9.89 (0.10) -9.23 -9.00 -10.38 (0.08) -10.01 (0.04) -9.24 -9.54 (0.17) 
PCB 101 -10.08 (0.04) -9.91 -9.51 -10.80 (0.10) -10.35 (0.06) -9.53 -9.96 (0.21) 
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PCB 77 - -11.22 -11.07 - - -11.74 -12.19 (0.66) 
PCB 123 -10.92 (0.08) -10.26 -10.35 -11.53 (0.24) - -10.84 - 
PCB 118 -9.49 (0.07) -8.82 -8.88 -10.24 (0.11) -9.90 (0.01) -9.21 -9.37 (0.12) 
PCB 153 -10.98 (0.05) -10.55 -10.48 -11.64 (0.22) -11.17 (0.06) -10.62 -10.83 (0.10) 
PCB 105 -9.89 (0.05) -9.32 -9.29 -10.61 (0.12) - -9.82 -9.79 (0.15) 
PCB 138 -11.14 (0.07) -10.67 -10.57 -11.85 (0.18) -11.45 (0.13) -10.73 -11.08 (0.17) 
PCB 126 - - -11.45 - - - - 
PCB 187 -11.65 (0.06) -11.26 -11.12 -12.06 (0.14) -11.79 (0.05) -11.18 -11.37 (0.10) 
PCB 128 -11.96 (0.06) -11.42 -11.49 -12.66 (0.12) -12.39 (0.02) -11.87 -11.99 (0.12) 
PCB 167 -11.88 (0.05) -12.02 -11.38 -12.45 (0.30) -12.14 (0.00) -11.79 -11.84 (0.15) 
PCB 156 -11.25 (0.04) -11.88 -10.76 -11.95 (0.24) - -11.40 -11.26 (0.11) 
PCB 157 -12.15 (0.07) -12.14 -11.67 -12.76 (0.45) - - - 
PCB 180 -12.16 (0.06) - -11.76 -12.64 (0.18) -12.46 (0.02) -12.08 -12.06 (0.10) 
PCB 170 -12.43 (0.04) -13.33 -12.05 -12.95 (0.13) -12.77 (0.03) -12.11 -12.37 (0.08) 
PCB 189 -13.05 (0.09) -12.06 -12.74 - - - - 
PCB 195 -13.79 (0.05) - -13.50 -14.09 (0.33) - -13.44 -14.22 (0.66) 
PCB 206 -13.61 (0.10) - -13.57 -13.83 (0.22) - - -13.89 (0.41) 
PCB 209 -13.80 (0.18) - -13.96 -14.29 (0.40) - - - 
1,2,4,5-TeBBz - - - - - - - 
HxBBz - - - - - - - 
BDE 28 - - - - - - - 
BDE 47 - -11.76 -11.79 -14.08 (0.84) - -12.90 -12.11 (0.29) 
BDE 100 - -13.27 -13.65 - - - - 
BDE 99 - - -13.38 - - - -14.10 (0.75) 
BDE 154 - -15.46 - - - - - 
BTBPE -18.09 (0.16) - - -17.40 (0.38) - - - 
syn-DP -16.56 (0.08) -17.34 -17.03 -16.85 (0.19) -17.26 (0.53) -17.47 -17.98 (1.08) 
anti-DP -16.58 (0.11) -17.14 -16.73 -16.49 (0.16) -17.60 (0.19) -17.23 -17.64 (1.06) 
MTCS -9.49 (0.04) -8.19 -8.47 -10.18 (0.28) -9.73 (0.06) -9.32 -8.92 (0.34) 
Triclosan -10.720 - -11.14 -11.51 (0.16) -12.32 (0.12) -12.33 -11.72 (0.26) 
TBBPA -19.290 - - -20.11 (0.09) - - - 
α-HBCD -12.520 - - -13.47 (0.29) -14.05 (0.08) - - 
β-HBCD -13.210 - - -13.91 (0.23) - - - 
ɣ-HBCD -12.460 - -13.83 -13.27 (0.15) - - - 
Note: Only compounds with detection frequency > 60% were included; some interesting compounds were included even the detection frequency was lower than 60% (but higher 
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